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ABSTRACT
This paper presents the results of a numerical analysis 
and an experimental study of the irrotational gravity affected 
flow under sluice gates.
A finite element procedure is presented for the numerical 
analysis part of the study. The contraction coefficient, 
discharge coefficient and downstream water surface profile 
are the main parameters obtained. The flow field is discretized 
by triangular elements and the ouflow free surface is 
represented, by a portion of an ellipse. The downstream free 
surface profile is satisfied by choosing the major and minor 
axes of the ellipse, that minimize the deviation from the 
constant energy requirement. An iterative successive 
overrelaxation procedure was used to solve the unknown nodal 
values of the stream function.
Vertical gates with 0.47 inches thickness for 0°, 15°» 30° 
gate lips were used for the numerical analysis and experimental
study. Vertical gates with 2.0 inches thickness for 15°, 30°, 
45° gate lips were also used for.experimental study.
It was found that the computer results compare 
satisfactorily with analytical and experimental data.
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NOMENCLATURE
[ a ] Coefficient matrix,
a Height of the axis of Tainter gate.
A0 Major axis of ellipse.
B0 Minor axis of ellipse.
CC Downstream water depth where the water
surface is parallel to the floor.
Cc Coefficient of contraction.
CD Coefficient of discharge.
D Upstream depth.
E Downstream total energy.
G Gate opening,
g Gravitational acceleration.
H Upstream head on gate.
hQ , h Depth of water infinitely far upstream,
[h] Coefficient matrix,
i, j, k Indices referring to nodes.
P Force on the gate.
Pe Percentage erro of Cp.
'Q Discharge,
q Discharge per unit width.
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XI11
Radius of Tainter gate 
Error summation.
Sj_j Stiffness matrix.
t,t' Gate thickness.
U Upstream water velocity.
U Downstream xrater velocity.
|vTj Constant' matrix.
(x, y) Rectangular coordinates.
9 Angle of inner gate force with vertical line.
$ Angle of inner gate force with horizontal line.
A /
.A.
Stream function.
A  Area o f  triangular element.
A . Discrepancy in Cc for Gj_.
{^} Stream function corresponding to element.
£  Deviation of energy.
& Boundary layer thickness.
\J Kinematic- viscosity,
k) Over-relaxation factor.
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1CHAPTER 1 
INTRODUCTION
The purpose of this project is the study of gravity 
flow under sluice gates? this problem has been investigated 
by a number of researchers using methods which will be 
described the next chapter. These methods include conform el 
mapping, finite differences,, infinite series, complex function 
analysis and a combination of conformal mapping and. Riemann.-- 
Hilbert.
In channels, the d ep th-d.ischarge relationships are 
often determined by the control mechanisms operating within 
it, There are different kinds of control mechanism, which 
can indicate what the depth must be for a given discharge 
and vice versa. One of these control mechanisms is the sluice 
gate which is discussed here.
Water area at the section downstream from the gate is 
contracted due to the presence of the sluice gate. The ratio 
of this contracted area at the downstream section, where the 
water surface is horizontal, to the water area at the gate 
opening is called the coefficient of contraction, Once this 
ratio is known, the water area at the downstream section can 
be obtained and the discharge of water can be estimated.
The determination of coefficients of contraction for 
different types of sluice gate lips is a major part of this 
work. Sharp crested gates and gates with 15°» 30° , ^5°
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
bevelled lips of 0.5 inch thicknesses are studied 
theoretically and experimentally. Also 15° » 30° » !+5° angle 
gates with 2.0 inch thicknesses are studied‘experimentally.
The theoretical approach of this work is based on the 
finite element method , in which the stream functions and 
coordinates at some selected points in the flow are to be 
determined. The computer programme for of the finite element method 
uses an iterative procedure to determine the final answer to 
the desired degree of accuracy. By adjusting the two parameters 
Ao and Bo of an ellipse, the downstream surface profile can be 
determined. The elliptical equation with the Ao , Bo which 
gives the minimum deviation can be used to express the downstream 
surface profile and vena contracts..
The experimental results were obtained by measuring the 
downstream tailwater depth at a sufficient distance downstream 
from the gate v?ith an electric point gangs. Bets of readings 
are obtained for different flow conditions and different types 
of gates.
The experimental and computed results are compared. These 
are also compared with the results of previous investigators.
The finits cT^rn^ni" sol ion ssvTH6*s do vj scositv dD.T do 
SDD'f'cXCO tODs^oD in tti0 flul-T « AT so The v- o s An o citt v o T o c i t y  
head is considered in this study. A c o r r e c t i o n  of u p s t r e a m  
de p t h  is made at the b e g i n n i n g  of the computer programme. T he
coefficients of contraction and the parameters Ao,Bo are printed 
‘'out in the computer programme for different heads and different 
typos of gate lips.
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3CHAPTER 2
SURVEY OF LITERATURE
In 1876, Rayleigh (1) found the solution of the problem
•) from the sluice gate (Pig, 2,1)of free outflow
The dorr.stream free surface satisfied the equation
CC
1 _ s m e
where 9 is the downstream water surface slope tar * (dy/dx),
which ranres between 0 and- jr_2 >.nd CC is the downstream water
depth where writer surface is horizontal.
In the corresponding .gravity problem, vrhere F is very 
large, the equation
CC
1 — tan 0 , (G<Sd) __  (2.2)
can be used; thence two equations give nearly the same results.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4-
R. Von Kises (2) dealt with flow under a sluice
;izzz'z;z.z.z./--z:z
CC X
Fig. 2 .2
. ’-To assumed that in the region B, the flow is little 
,-cted ly gravity,since the acceleration o f . the flow particle: 
,ai there, The free surface of Fig, 2,2 was given by the
CC 2D-CC 
71 m
-I
V7jh X* 0
2 D'CC - Iv
in © )
-CC CC TC m
G is the gate opening;
© is the anrular slore of the profile ,,, (2.3)
The first investigator dealing.analytically with a sluice 
gate flow under the influence of gravity appears to have been
Pajer (3) in 1937. He assumed an ellipse could be used in the
hodogreph plane in the conforms! mapping method. The fixed
free stream line, and the boundary condition of constant 
;r assure were not verified. The resulting line
was correct at the end points, and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
nearly correct at points in between.
In 1946, Southwell and Vaisey (4) assumed the conditions 
of Pig. 2.1, where D=12 and h =11 length units, and the CC
calculated from the continuity and Bernoulli equations was
3.854 length unit. The Froude number used was 2.055* They 
included the upstream free surface and solved the Laplace 
equation for a sluice gate by substituting a finite difference 
equation for the partial differential equation and applying 
a relaxation procedure. In their ifork, viscosity effects were 
not taken into consideration. They found Cc= O .608 for 
CC/H = 0.312.
In 1956, Benjamin (5) made an analysis of the downstream 
water surface, he divided the profile into tx?o parts by the 
section B, where the tangent to the surface makes an angle 
of 25° with the bed (Fig. 2.3), He assumed that downstream 
of B, the curvature of d2y/dx*of the water surface was small,
Fig. 2,3
and that all higher derivatives of y were of rapidly diminishing
order. In the region AB this assuption is no longer valid.
An approximate solution was found by taking Von Mises1
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6solution for the non-gravity case and superimposing on it an 
allowance for the variation of surface velocity between A and 3, 
The two solutions were fitted together at the section B, the 
results are given in the following table 2,1.
Table 2.1
G/3 0 0.1 0.2 0.3 0. b 0.5
rp 0.611 .0 S p. £ 0,602 0.60 0.59S 0,598
Perry (6) in 1957 improved the holograph method by an 
infinite series method, The pressure can be made constant at . 
a finited number of points by including more terms of the infinite 
series. In actual application of the mappings he took a finite 
number of terms in the series and carry through the complete 
calculation to find the vertical coordinate of the free 
streamline y in terms of the N arbitrary coefficients b..
In pi’actice the numerical work can be reduced somewhat by noting 
, and the rest of bn * s are small compared to unity,
Fangmeier and Strelhoff (?) In 1968, avoided using 
holograph plane and- employed complex function theory to evaluate 
a nonlinear integral equation for this problem, from which the 
solution is deduced. They considered fully both the Influences 
of gravity and the upstream free surface, however, their 
method, apparently requires extensive computer time.
In the laboratory, sluice gates are usually sharp edged, 
because of structure reasons and difficulties of sealing at
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
complete closure, this is not always practical for field 
conditions,
In 1933f Mueller(8) made the lip profile elliptical at 
the entrance and exit sections.
Ketzler (Q) studied the tainter gate (Pig, 2,4) 
experimentally. All of Metzler’s experimental data corresponded 
to the constant ratio r/a = 1.5* thus his results are not 
general but apply to that particular geometric condition.
-SL
1
Fig. E.4
In 1955, Tech (10) made.experiments on Tainter gates 
which cornered a su.bstan.tial rage of values of independent 
variables, both for free and. .submerged, outflow. His results
indicated, that the coefflei t of contraction Cc was determined
very largely by the angle p , as shown in Fig, 2,4, which Is the 
inclined angle at the gate lip, and to a much lesser extent 
for the ratio 0/Y, . It may be convenient to use the following 
experimental equation to express the coefficient of contraction, 
obtained by fitting a parabolic curve on. the Cc v— * ft curve,
1-0.75(3 + 0.36(3 (2.4)
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Where the unit of (3 is taken as 90° • Equation (2.*)-) 
gives results which are accurate to ±5%, provided that ^ < 1 .
Southwell and Vaisey (^) also employed a planar inclined 
gate at an angle £(<.90°) to the horizontal as the obstacle
(Fig. 2.5). The plane was assumed to have been lowered into
the stream to an extent sufficient to avoid standing waves on
CC
Fig. 2.5
the downstream side. The relaxation method was used and the 
angle of 30° was taken. The free surface profile can be 
expressed by the equation (2.5)»
CC
for p = -3 0
0.813
and they obtained the value of 0.777 for the coefficient of 
contraction.
In 1969» Larock (11) developed a solution for any arbitrary 
gate inclination p (0 < 0 < T C )  , in such a way that an extension 
to the analytical consideration of curved (radial and Tainter) 
gates appears feasible. He combined the conformal mapping and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Riemann-Hilbert solution to a mixed boundary condition problem 
to solve the problem of gravity- affected flow from planar 
sluice gates of arbitrary inclination.
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CHAPTER 3 
THEORETICAL STUDY
3.1 Basic Idea of Finite Element Method
According to Zienkiewicz (12), problems of potential 
distribution in a continuous medium can be solved by using 
the finite element method. The procedure for solution is 
summarized as follows:
a) The continuum is isolated by imaginary lines or 
surfaces into a number of finite divisions or regions,
b) The elements are assumed to be interconnected at a 
discrete number of nodal points situated on their
boundaries. The characteristic values of these nodal 
points will be the basic unknown parameters of the 
problem.
c) A function is chosen to define uniquely the state of 
the dependent variables within each "finite element" 
in terms of its nodal values.
d ) The function now defines uniquely the state of potential 
within an element in terms of the nodal values. These 
potentials together with any initial potentials and 
the characteristic properties of the material will 
define the state of energy throughout the element and,
hence, also on its boundaries.
e ) A stiffness or geometric relationship is developed 
to solve the problem.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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3.2 Two Dimensional Formulation
t
For irrotational, incompressible flow, the two demensional 
formulation to specify the energy function is
where
is the unknown stream function, assumed to 
be single valued, 
is the energy function.
Consider now the region divided into triangular elements. 
Let the nodal values of 4^  define the function of dependent 
variables within each element. For a typical triangle ijk
(3.D
(Fi
(3.2)
in which
ai= x jyk - y jxk 
b i= yj - yk = y jk
Ci= xk - x j = x kj 
1 3Ci y iT_L
2A= det i x j ^j = 2 ( area of triangular ijk) 
1 xk yk
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y
Fig. 3.1
The nodal values of Ip now define uniquely and continuously, 
the function throughout the region. The "functional"^ can 
be minimized with respect to these nodal values.
If the value of associated with the element is called 
, then we can write
a X
a f . =//[-
a t  3  , at\ a t  9 f ax dy ..(3.3)/ <sT v ^  o'r q / o r  \
ax aq> v a x ; * ©y vay
substituting equation (3-2) into equation (3*3)
dip
- =  7^ / / { [ b 11 b 3 * bk]{l,f b i + [0 1 ' °J- c'0 H ”Oi} ax dy
..(3.^)
For the element e
{fT -
ax
a4>; 
axe
a x e
..(3.5)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Therefore
. . (3*6)
noting again
//dx dy = A 
this leads to the stiffness matrix,
hi m = M  =
1
h.A
V i bkb i" 1 °ici cjci ck ci
bkbj
+ A
C.C. C • C •  ^■?
i J 3 3 k 3
_bibk bjbk bkbk ,cick c jck ck ck_
..(3.7)
The final equation of the minimization procedure requires 
the assembly of all the differentials o f X  and the equating 
of these to zero
a x  _y  a x e ; 0
9 ^  ..(3.8)
The summation in equation (3.9) being taken over all 
elements and nodes i.e.
= = o ..(3.9)
where m is a dummy index.
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1 4
3.3 Slope Matrix
In some situations the quantity of interest is the 
gradient of^. The two components of the gradient can be 
obtained from equation (3.10).
■jgrad l|>
d x
'bi b ^  b kV
< > = — — < 
2 A
> <
* 3  >
a y
c i ck-*■ o V k
..(3.10)
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CHAPTER
APPLICATION OF FINITE ELEMENT METHOD 
TO THE SLUICE GATE
When flow changes from subcritical (V</gjF) to supercritical 
(V>/sy) through a controlled section, the Froude number is the 
most important governing factor, i,e. this flow is under the 
influence of gravity. The downstream flow is said to be free, 
if the issuing jet of supercritical flow is open to atmosphere 
i.e. it is not submerged by tailwater (Fig. *Kl).
“T
Fig. 4 .1
In this study, the finite element method is used to 
solve the problem of flow from sluice gates under the influence 
of gravity.
At the downstream water surface, there are two tangent 
conditions at points A, 3 on the outflow water surface profile; 
one is at the gate lip A and the other is the point B on the 
downstream water surface where the depth of water is equal
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to the tailwater depth and water surface approaches horizontal. 
The water surface profile between points A, B is a smooth 
curve. In general, the direction of flow at the gate lip 
is tangent to the inner surface of the gate lip which may be 
vertical or at an angle. The direction of flow at the other 
point, i.e, where the depth of water is equal to tailwater 
depth is parallel to the floor. Owing to above characterisics, 
it is assumed that the profile can be approximated by part 
of an ellipse equation as shown in Fig. 4.2 and Fig. 4.3.
If the gate lip is vertical and sharp-edged, the profile 
can be expressed by equation (4.1) and as shown in Fig. 4.2.
If the gate lip is bevelled, the profile can be expressed 
by equation (4.2) and as shown :n Fig. 4.3.
(4.1)
D
x
Fig. 4.2
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pro f: 
prooe
where
p.
CC = G + /'■—   ■" ■ nBo +Ao tan i
p
—  - ' O
DD =
A02tanj
/h / i - A ^ t a n ^
90 -
/
/
/
/
/
/
/
/
/vfl Ao ! \
xr  - *r ----- /■
X D D ^ C C K-Saw
Fig. 4.3
The coordinates of the points on the downstream free surface
ile are based on equation 4,1 and equation 4,2, The
:dure for setting up the finite element method is as follows:
(a) Sketches a few streamlines through the region of 
interest. Both upstream and downstream boundaries 
should be located to make sure that the flow at these 
sections nearly parallel flow as shown in Fig. 4,4.
The upstream free surface js first assumed to be
horizontal, and downstream surface is assumed to be
-elliptical based on equation (4.1) ana equation (4.2) 
Line ABCG and line FF 3 n F3 p. 4.4 are employed as two
bo undary strcaml3nos.
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t=0.47 inches
Ellipse
=Q
H>=0
OUTFLOW SECTION TYPICAL ELEMENT
TOTAL ENERGY LINE
GATE PRESSURE
FIG. 4.4 FINITE ELEMENT MODEL
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The stream function at the upstream, AP, and 
downstream, DE, boundaries are based on the ratio of 
the depth to total depth times the total flow.
(b) Several triangular elements are drawn between 
adjacent streamlines, all the nodes of the elements 
are located on the approximated streamlines,
(c) The coordinates of each node and the approximate 
value of stream function (HO on each node are 
determined. The values of stream function (IfO on 
the boundary streamlines are assumed to be known.
(d) Substitute the coordinates and the values of the 
nodal stream functions into the equation (3*9)•
= 0 ..(3.9)
>
where
"bIbi bJbi V Di’ cici cjci o rk o H*
1
b ^5 ~ j b .b-. J .1
b, b .k .]
1
2A
c.c. n r»
j'M ck°j
b lbk bkbk ° ic k c jck ckck
..(3.7)
If there are N unknown nodes, N simultaneous equations 
will be obtained.
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(e) The extrapolated Liebmann method. (13) »(1*0 also 
known as the ’extrapolated Gauss-Seidal1 and 
'Successive overrelaxation' method is used, to solve 
these linear simulaneous equations (eq. 3*9), 
the iterative procedure can be written in the form.
Dnew =U0UL+(l-*»<p . A 1*.3)
Where Ut is the value calculated by the Liebmann 
or the Gauss-Seidel method. The parameter a) is known
as the relaxation parameter and for overrelaxation 
the value of lO lies between 1 and 2. When a suitable 
value oftO is chosen the best rate convergence can be 
attained. After a certain number of iteration, the 
value of each unknown differs from its repective 
value obtained by the preceding iteration by an 
amount less than a selected tolerance. The 
calculation for the value oflp is then complete.
(f) The velocity head of downstream surface elements is 
calculated in terms of the real value of on 
each node.
[grad<|j] =,
dP
d x
dy
]_
b j_ bj bk XllT i
2A
<
%  '
C . C - C, 
1 3 V:J
vH = y ( »t.)2+
ax ay
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(g) (1') The upstream stagnation point depth was used
as the total energy head. Calculate the 
differences of the energy head and the local 
energy head (elevation head and velocity head) 
of each donwstream surface elements, then sum 
the square of the difference of all of the 
donwstream surface elements.
(2) The momentum principle was developed to calculate 
the downstream total energy head and the same 
procedure as step (1) was used to obtain the 
summation of squares of errors.
(h) (1) For different pairs of A0 , B0 different ,
summations of squares of errors were obtained.
All the summations of squares of erros correspon­
ding to pairs of A0 , B0 were plotted on a graph 
of the major axis of the ellipse vs. the minor 
axis of the ellipse, and a contour map of 
summation of squares of errors was acquired.
The.pair of Ao» Fo which are the major and the 
minor axes of an ellipse, corresponding to 
the minimum value of summation of squares of 
errors defines the best outflow curve.
The procedure was repeated and the answer was 
obtained for different types of gates under 
different upstream heads.
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(2) Besides the contour map method, another method 
employing a Taylor's series expansion and finite 
difference method (15) was used, A function was 
set to express the summation of the square of 
the energy difference of all the downstream 
surface elements.
s =£€2 ..(^ .5)
This function S has two parameters (Ao» Bo), the 
major and the minor axes of an ellipse.
The Taylor's series expansion is as follows:
^  J —  ~  9 Q  '  ’ 9 “ O q  ' --O q  ' • '"'w'Q 9 / * -  w  ^ 0  '
+ -|-[sAo,Ao^Ao0 ,Bo0 ^ Ao“Ao0 ) +2SAo ’Bo A^o0 'Bo0 ^ Ao'Ao<J ^ Bo*
+ Bb o »Bo (Aq ,B0 )(Bo-B0 ) 1 + ---- ..(^.6)
where
S^Q is the derivative of S with repect to A0 ,
SBo is tBie derivative of S with respect to B0 ,
®Ao,Bo*s derivative of S with respect to 
A o , E o •
Eliminate the higher derivatives and let A0-A0o= da* 
Bn-Bn =db. Then ^  0, — -—  = 0 are the
0 d A 0 a Bo
necessary conditions to make S to be minimum.
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(3Ao ^ o 
<sBo>o
~2 ~ 3Ao »Ao ^ o^a+^  3Bo ~ ®
~Z~ ^  ^ Ao *Bo^.o^a+^^Bo 'Bo^o^J = ®
23
..(4.7a) 
..(4.7b)
da =
' sAo sAo, Bo
'3 Bo SBo, Bo
SAo,Ao SAo,Bo
3Ao , Bo 3Bo«Bo
3A o ,Ao “®Ao
S
db =
A o , Bo -SBo
... (4.8)
Ao, Ao Ao, Bo
3Ao , Bo SBo , Bo
The finite difference grid is shown in Pig, 4.5 ,
Bo
Fig. 4.5
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Referring to Pig. 4.5» the derivatives in equation 
(4.8) are expressed as follows:
(SAo)o= ■ ^  ~ ^ 3
2h
• • (^.9)
(s ^ - S 6 ) - ( s b - s 7 )
4hl
An arbitrary pair of Ao» Bo was substituted into 
the finite element programme, a summation of 
squares of errors SD was obtained. The pair of 
A0 , B0 was shifted to eight surrounding grid 
points of different pairs of A0 , BQ as shown in 
Fig. 4.5, then these pairs were substituted into
the finite element programme, eight additional 
summations of squares of errors corresponding to 
eight different pairs of A0 , B0 were obtained. 
Through equations (4.9) and (4.8), da, db were 
obtained by using the values of S of the nine 
grid points. Set Aon+1=Aon+dan, Eon+2_=Bon+dbn .
This procedure was repeated by using the new pair 
of A0 , B0 . After several times, the nine grid
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points will remain in a certain region. The 
pair of Ac , B0 corresponding to the centre of thi 
grid is the correct answer,
fhe only difference between the plane vertical 
sharp edged gate and the bevelled gate is the 
assumption of the downstream surface profile.
For the sharp edged gate, the assumption-of the 
downstream surface profile is based on the major 
axis and minor axis of the ellipse whcih is 
expressed in equation b»l and shown in Fig, h-,2. 
For the bevelled gate (Fig, ^.3) » the assumption, 
of downstream surface profile is based on the 
angle of the gate lip, the major axis and the 
minor axis of the ell5r«c 'which is expressed in 
equation k,?.. The rest of the celculstion is the 
same,
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E X P E R I M E N T A L  E Q U I P M E N T
> per linen tal determination of the coefficient of 
/ for sluice gates was carried out in the Hydraulic 
la> • • ~r -L 'v of University of Windsor, The tests were made in
,a i_p... •_ . -•ride, 36-inch high horizontal flume. The test gate
v/t; '• ’ ,11 in the grooves on the flume wall and tightened by
t h . 'clump;; on each side. At the downstream side, an electric
1 via., was used to measure the profile of the free suricce, 
■fee •. av'mental apparatus is shown in Fig, 5*1 amd Fig, 5*2,
0 »1 s ]. FIume set-uid
The upstream section of the flume (Fig. 5*2) was 
connected to an aluminum head tank, which is 5 f high,
9T longj^l-’ wide contracted gradually to the same width 
as the flume. The end of the flume was connected to a 
return channel which discharges the water back into the 
sumo. The floor and the frame of the flume are made of 
aluminum, the vial Is are made of plexiglass.
*1.1.2 Ul U X C r£ to sc t — u P
There were four kinds of gates (each 3 6" high,
18 1 wide, g" thick): (a) vertical sharp edged 0°, (b) 15°,
(c) 30°, (d) E50 (Fig. 5 .3 ) employed for the first group 
Of r'XT>27' 'tcil I'CSt^s Tr'T't-‘2 "f 1 O — 3 of VJltM H C I'o O. F 2 n
thickness of 2 inches and with lip angles of 15° , 30°, E50
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(Fig. 5.4) were used for another group of experimental 
tests. The angle indicates the deviation between the 
upstream face of the gate lip and vertical.
The gate was sealed with plastiqene to prevent the 
leakage and was tightened by a long clamp on both sides
at the top of the flume.
The gates are shown in Photo (5*U Pig* 5*3 
and Fig. 5*4.
5.1.3 Auxiliary equipment
(a) The centrifugal pump used in the experimental 
study has a maximum speed of 1450 R.P.M.,
a minimum speed of 1100 R.P.M., a maximum head 
of 22 ft. and a maximum discharge of 3500 
U.S.G.P.M,
(b) The electric point gauage (Photo,5*2) was 
employed to measure the depth of downstream 
water surface and downstream surface profile.
(c) The magnetic flow meter (Photo.5.3) was used 
to measure the steady discharge through the 
sluice gate.
(d) A baffle to dissipate turbulent fluctuations 
in the head tank was placed 2 5" upstream 
from the end of contracted tank as shown in 
Fig. 5*2.
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_ t= 0 .4 7
^ 0 . 7 5 "  
1.5"
Reinforce Bar
V
-18.75'
K  16
0=45
SHARP EDGED GATE AND 45° BEVELLED GATE
18.75
Q=%0
id ±  0.75
36 Reinforce Bar
0=15
30° BEVELLED GATE AND 15° BEVELLED GATE
FIG. 5.3 TEST GATE WITH 0.47 IN. THICKNESS
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t'=0.47
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t'=0.47
36
18.75
0 s 4 5 l  ---------
A j   3 1 5 ________
45° BEVELLED GATE
FIG. 5.4 TEST GATE WITH 2.0 IN. THICKNESS 
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PHOTO. 5.1.a TEST GATE OE 15 AND 30
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PHOTO. 5.1.b TEST GATE OF 45
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PHOTO. 5.2 ELECTRIC POINT GAUGE
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PHOTO. 5.3 MAGNETIC FLOW METER
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5.2 Experimental Procedures
5.2.1 Downstream water surface -profile measurement
For each type of gate, the profile was determined 
as follows
(a) The gate opening was measured and recorded.
The reference reading by using the electric 
point gauge to measure the downstream water 
depth was read and recorded before the flow 
was run.
(b) The pump was then started and water was 
delivered to the contracted head tank which 
is shown in Fig. 5«1 and Fig. 5*2. Different
flow rates (Q) corresponding to different 
upstream heads were run. The magnitudes of 
flow rates were read and recorded from the 
magnetic flow meter; the upstream heads were 
read from the scale on the wall of the flume 
and recorded.
(c) The electric point gauge was placed at several 
sections downstream from the gate to measure 
the depth of water. The maximum, the minimum 
and the estimated average readings were read 
.and recorded at each station.
(d) The experiment was repeated for all gate types.
5.2.2 The measurement of coefficients of contraction
The step in measuring the coefficient of contraction
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are described as follows:-
(a) The same procedures described in the section 
a and section b above were performed.
(b) The electric point gauge was moved downstream
to a sufficient distance from the gate. At 
a section where the depth of water is almost
the same as the tailwater depth and almost 
parallel flow, the maximum, the minimum and 
the estimated average readings were obtained 
and recorded. The readings were taken at the 
place where the water surface is nearly flat 
across the flume (i.e. no side effects).
(c) A set of readings was obtained for each 
different upstream head.
(d) After completing one type of gate, the above 
procedures were repeated by another type of 
gate.
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CHAPTER 6 
NUMERICAL RESULTS
The first step of the numerical method is the drawing 
of the flow pattern and triangular finite elements on graph 
paper. Then the coordinates and the estimated values of 
stream function for all the nodes are set. Approximate 
initial values of AQ and BQ are selected for use in the 
computer programme.
Some of the parameters which were used in the computer 
programme are shown in Table 6.1.
Table 6.1 Some Parameters Used in the Numerical Solution
Gate
opening
G ( in.)
Tolerance 
of the 
value of 
l|>( /sec}
Gate
thickness
t
(in.)
U/s head 
D
(in.)
e
3.0 G .0001 0 .47
24.0
1 5 .0  
7.5
1.2
1.1
o .15 ,30
6.1 Computed Coefficients of Contraction (Cr )
The coefficients of contraction for both the energy method 
and momentum method were computed in the computer programme.
All the computed values of Cc are shown in Fig. 8.1 to 
Fig. 8.6 and referred to Tables 6.2 and 6.3.
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6.2 Computed Coefficients of Discharge (CD )
3 9
The coefficient of discharge (CQ ) was calculated from the 
equation given by Rouse (1*0.
1
CD = Cc
1 + Cc .G/h^
..(6.1)
where
h is the depth of water infinitely far upstream. 
Cc was calculatedby using energy method and 
momentum method in the finite element method.
G is the gate opening.
All the computed values of are shown in Fig. 6.19,
Fig. 6.20, and Fig. 6.21 and also referred to Tables 6.2
and 6 .3 .
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6,3 Contour Maps
The summation of squares of energy deviations along the 
downstream surface elements for each pair-of (A0 » B0 ) was 
plotted on a graph of AQ vs B and a contour map was drawn 
for many pairs of. (A0f B0 ), From the closed contour map, 
a pair of (A0 , B0 ) corresponding to the minimum summation of 
squares of energy deviations was obtained.
The contour maps for the various types of gates and various 
upstream heads are shown in Fig. 6.1 to Fig. 6.18.
6.4- Downstream Free Surface Profile
The calculation of donwstream free surface profile was 
based on the pair of (Ao. Bo) which gave the minimum error in 
the finite element method.
All the graphs of downstream free surface profiles are 
shown in Fig. 6.10, Fig. 6.11 and Fig. 6.12.
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TA B LE  6 . 2
4 1
COMPUTED Cc AND CD BY ENERGY METHOD
No.
of
run
0
Total 
No.of 
ele­
ments
Total 
No. of 
unk­
nown 
nodes
U/S
head
(IN)
u>
No. of 
iter­
ation
No. of 
D/S 
sur­
face 
ele­
ments
6* Ao Bo Cc CD
1 0° 61 18 24.0 1.2 13 6 6.4oo 3. H 7 1 .170 0.610 0.5‘
2 0° 61 18 15.0 1.2 13 6 3 .100 3.130 1.200 0 .6 0 0 o.5<
3 0° 61 18 7.5 1.2 13 6 0 .I89 3.130 1.197 0 .6 0 1 0 .5:
4 if 93 28 24.0 1.2 16 10 8 .9 0 0 4.520 1.075 0.664 0 .6;
5 If 93 28 15.0 1.2 15 10 4.000 4.220 1.180 0 .6 3 6 o.5(
6 if 91 28 7.5 1.2 15 10 0 .6 80 4.120 1 .3 60 0.58? 0 .5:
7 30° 93 28 24.0 1.2 15 10 6 .5 00 4.300 1.150 0 .6 7 6 0 .6!
8 30° 93 28 15.0 1.2 14 10 3.200 4 .496 1.136 0.679 0 .6;
9 00° 93 28 7.5 1.2 16 10 0.530 4.570 1.210 0 .6 5 8 0 .5!
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T A B LE  6 . 3
COMPUTED Cc AND CD BY MOMENTUM METHOD
4 2
No.
of
run
9
Total 
No. of 
ele­
ments
-Total 
No .of 
unk­
nown 
nodes
u/s
head
(IN)
U>
No.of 
iter­
ation:
No. of 
D/S 
sur­
face 
ele­
ments
e 2 A0 Bo Cc CD
1 0° 133 42 24.0 1.1 48 10 4.27 3.650 1.145 0.618 0.5!
2 0° 121 38
o•iH 1.2 40 10 1.41 3.390 1.186 0.605 0.5’
3 0° 109 34 7.5 1.2 26 10 0.46 4.115 1.194 0 .602 0 .5:
4 15° 103 32 24.0 1.2 22 10 7.40 4.220 1.149 0.645 0 .6;
5 15° 115 36 1 5 .0 1.2 35 10 1.96 3.875 1.193 0.635 o.5‘
6 15° 91 28 7.5 1.2 21 10 0.41 4.310 1.175 0 .632 0.5'
7 30° 103 32 24.0 1.2 44 10 0.73 3.020 1.177 0 .6 94 0 .6:
8 30° 103 32 15.0 1.2 27 10 0.55 3.350 1.220 0.677 0 .6;
9 30° 97 30 7.5 1.2 25 10 0 .3 0 4.860 1.152 0 .6 71 0.5'
Notes : When 1.7 or more was used, for omega, the number of
Iteration was over 500. After 1.0, 1.1, 1.2, 1.3» 1*4 
were tried for omega, it was found that the number 
of iteration was minimum when 6*3^ 7 1 .2 .
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FIG. 6.1 CONTOUR MAP OF 24" UPSTREAM HEAD FOR SHARP 
EDGED GATE BY ENERGY PRINCIPLE
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FIG. 6.2 CONTOUR MAP OP 15" UPSTREAM HEAD FOR SHARP 
EDGED GATE BY ENERGY PRINCIPLE
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CHAPTER 7 
EXPERIMENTAL RESULTS .
7.1 Downstream Free Surface Profile Measurement
At a number of stations on the downstream profile, the 
maximum and the minimum readings were taken, and an average 
check on the average reading was made by taking an estimated 
reading (by eye). If the check reading was not equal to the 
average of the maximum and the minimum readings, the three 
readings were averaged. This final average was subtracted 
from the reference reading, which was the reading of the gate 
lip, then this difference was subtracted from the gate opening, 
to get the depth of x^ater at the section.
v All the results of profile measurement are shown from 
Table 7.1 to Table 7.IS and also in Fig. 7.10, Fig. 7.11 and 
Fig. 7.12,
7.2 The Measurement of Coefficient of Contraction
At a donvjstream section, the water surface profile becomes 
nearly parallel and the depth of water almost equal to the 
tailwater depth. The maximum, the minimum and the check readings 
at this point were read and recorded then the depth of xiater 
was calculated. The ratio of this depth to the gate opening 
is known as the coefficient of contraction.
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5 7
The experimental values of Cc for different types of 
gates are shown in Fig. 7.1 to Fig. 7.9 and also referred to 
Table 7.19 to Table 7.27.
7.3 Coefficient of Discharge
The upstream head gate opening and the observed discharge 
were employed to calculate the C-q by equation (7.1).
CD = ---2 _ _  ..(7.1)
o -Jzsh
where
q = discharge per unit width 
G = gate opening 
H = upstream head
All the results of are shown in Fig. 7.13 to Fig. 7.20 
also referred to Table 7*19 to Table 7.26.
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T A B LE  7 .1
5 8
EXPERIMENTAL DOWNSTREAM FREE SURFACE PROFILE
FOR SHARP EDGED GATE
Gate thickness = 0.47 + 0 .0 1 inches
Upstream head = 24.0 ± 0 .1 2 5 inches
Gate opening = 3 .0 1 6 0 .0 1 6 inches
Discharge = ll6o + 10 U.S.G.P.M.
Reference reading = 23.47 + 0 .0 1 inches
Distance 
D/S from 
outer 
gate face 
(in.) 
±0 .0 1
X/H
Max.
Reading 
(in.)
±0 .0 1
Min.
Read ing 
(in.)
±0 .0 1
Estimated
Reading 
(in.)
±0 .0 1
Final
Reading 
(in.)
±0 .0 0 5
Depth 
(in.)
±0 .0 0 5
Y/II
0 .0 0.0000 2 3.OO 22 .90 22.94 22.945 2.491 0.103a
0.5 0 .0208 2 2 .8 0 22 .69 22.75 22.747 2.293 o.095f
1 .0 0.0417 22.65 22.54 22.59 22.593 2.139 0 .089]
1.5 0.0625 22 .52 22 .38 22.46 22.455 2 .001 0 .083^
2 .0 0.0833 22.49 22.33 .22.41 22.410 1.956 O.OSl'
2.5 0.1041 22.46 22 .30 2 2 .3? 22.375 1.921 0 .080c
3.0 0.1250 22.44 22.27 22.35 22.352 I .898 0.0793
3.5 0.1458 22 .40 22 .25 22.33 22.327 1.873 0 .078c
4.0 0.1667 , 22.39 22.25 22 .32 22.320 1.866 0.0775
4.5 0.1875 22.39 22.24 22 .31 22.312 1.858 0 .077^
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TABLE 7.2
EXPERIMENTAL DOWNSTREAM FREE SURFACE PROFILE
FOR SHARP EDGED GATE
5 9
Gate thickness 
Upstream head 
Gate opening 
Discharge 
Reference reading
= 0.47 4 O.Ol inches
= 1 5 .0 4 0 .1 2 5 inches
= 3 .0 1 6 4 0 .0 1 6 inches
= 890 ± 10 U.S.G.P.M.
= 23.47 ± 0.01 inches
Distance 
D/S from 
outer 
gate face 
(in.) 
it). 01
X/H
Max.
Reading
(in.)
±0.01
Min.
Reading 
(in.)
40.01 '
Estimated
Reading 
(in.)
40.01
Fina.l
Reading 
(in.)
40.005
Depth 
( in.)
40.005
Y/H
0.0 0.0000 23.99 22.89 22 .92 22.930 2.476 0.1651
0 .5 0 .0333 22.79 22 .68 22.73 22.732 2 .2 7 8 O .1519
1 .0 0.0667 22.69 22 .51 22.59 22.595 2.141 0.1427
1 .5 0 .1000 22.58 22.43 22.49 22.497 2.043 0.1362
2 .0 0 .1333 22.54 22.35 22.44 22.442 1 .9 88 O .1325
2.5 0 .1667 22.51 22.33 22.42 22.420 1 .9 6 6 0.1311
3.0 0 .2000 22.49 2 2 .3 0 22.39 22 .392 1.938 0.1292
3.5 0 .2333 22.46 22.27 22 .36 22 .362 1 .9 08 0.1272
4.0 0.2667 22.44 22.24 22.3^ 22.34 1 .8 8 6 0.1257
0.3000 22.44 22 .24 2 2.34 22.34 1 .8 8 6 0.1257
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T A B LE  7 . 3
6 0
EXPERIMENTAL DOWNSTREAM FREE SURFACE PROFILE
FOR SHARP EDGED GATE
Gate thickness = 0.47 + 0.01 . inches
Upstream head = 7.5 ± 0 .1 2 5 inches
Gate opening = 3.016 * 0 .0 1 6 inches
Discharge = 600 J- 10 U.S.G.P.M.
Reference reading = 23.47 * 0.01 inches
Distance 
D/S from 
outer 
gate face 
(in.) 
*0.01
X/H
Max.
Rea.ding 
(in.)
*0.01
Min.
Reading 
(in.)
*0.01 '
Estimated
Read.ing 
(in.)
*0.01
Fins.1
Reading 
(in.)
*0.005
'Depth 
(In.)
*0.005
Y/H
0.0 0 .0000 23 .09 22.86 22.96 22.967 2.. 512 0.3349
0 . 5 0.0667 22.89 22,66 22.77 22.772 2.318 0.3091
1.0 0.1333 22.78 22.55 22.65 22.657 2 .2 03 0.2937
1 .5 0.2000 2 2 .71 22 .41 22.55 22.555 2.101 0.2801
2.0 0.2667 22.66 22.35 22.50 22 .502 2.048 0.2731
2.5 0.3333 22.59 2 2 .3 0 22.45 22.447 1.993 0.2657
3.0 0. >4-000 22.55 '22.24 22.40 22.397 1.933 0.2577
3.5 0.4667 22.53 2 2 .2 3 22.38 22.380 1.926 0.2568
4.0 0.5333 22 .52 22 .22 22.38 22.375 1.921 0.2561
*.5 0.6000 22 .52 22 .22 22.38 22.375 1.921 0.2561
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TABLE 7.4
61
EXPERIMENTAL DOWNSTREAM FREE SURFACE PROFILE
FOR 15°BEVELLED GATE
.Gate thickness 
Upstream head 
Gate opening 
Discharge 
Reference reading
0.47
24
3.0
1200
i  o.oi inches
i- 0 .1 2 5 inches 
- 0 .0 1 6 inches
± 10 U.S.G.P.M.
= 2 3 . ^ 9 * O.oi inches
Distance 
D/S from 
outer 
gate face 
(in.) 
i-0 . 0 1
X/H
Max.
Reading 
(in.)
i-0 . 0 1
Min,
Reading 
(in.)
1 0 . 0 1
Estimated
Read ing 
(in.)
1-0 . 0 1
Final
Reading 
(in.)
±0 . 0 0 5
Depth 
(in.)
i-o. 005
Y/II
0 . 5 0.0208 23.04 22.99 2 3 .0 2 23.017 2 .5 2 7 0.105;
1.0 0.04l? 22.86 22.77 22.81 22.812 2 .3 2 2 0.096*
1.5 0.0625 2 2 .7 3 22.58 22.65 22.652 2.162 0 .090:
2.0 0.0833 22.65 2 2 . by 22.57 2 2 .5 7 0 2.080 0 .086;
2.5 0.1041 22.53 2 2 . bz 22.49 22, .by 5 2 .0 0 5 O.O83:
3-0 0 .1 2 5 0 22.54 2 2 .3 6 2 2 .  bb 2 2 .4 4 5 1.955 0 .0 8i;
3.5 0 .1 4 5 8 22.53 2 2 .3^ 2 2 . by, 2 2.432 1.9^2 0.080;
4.0 0 .1 6 6 7 22.53 2 2 .3 3 2 2 . bz 22.425 1.935 0.080*
b . 5 0 .1 8 7 5 22.53 2 2 .3 1 2 2 . bz 22.42 1.930 0 .080^
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TABLE 7.5
6 2
EXPERIMENTAL DOWN STREAM FREE SURFACE PROFILE
FOR 15° BEVELLED GATE
Gate thickness = 0.47 0,01 inches
Upstream head = 15 ± 0 .1 2 5 inches
Gate opening it • o + 0,016 inches
Discharge = 910 + 10 U.S.G.P.M.
Reference reading = 23.49 + 0.01 inches
Distance 
D/S from 
outer 
gate face 
(in,) 
±0.01
X/H
Max.
Reading 
\ • / 
±0.01
Min.
Reading 
\ — * - ■ / 
±0.01
Estimated
Reading
(in.)
±0.01
Final
Reading 
(in.)
±0 .0 0 5
Depth 
(in.)
±0 .0 0 5
Y/Ii
0.5 0.0333 23.03 22.95 22.99 22 .990 2.500 0 .166'i
1.0 0.0667 22.36 '22.73 22.79 22.792 2.302 0.153;
1.5 0.1000 22.73 22 .61 22,66 22.665 2.175 0.145C
2.0 0.1333 22.65 22.51 22 .57 22.575 2.085 0.139C
2.5 0 .1667 22.59 22.44 22 .5 1 22.512 2.022 0.1341
3.0 0.2000 22.55 22.40 22 .47 22.472 1.982 0 .132:
3.5 0.2333 22.53 22.35 22.44 22.440 1.950 0 .130C
4.0 0.2667 22.51 22 .32 22.41 22.412 1.922 0 .128:
4 .5 0 .3000 22.49 22 .30 22.40 22.397 1.907 0 .127:
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T A B LE  7 . 6
6 3
E X P E R IM E N T A L  DOWNSTREAM FREE SURFACE P R O F IL E
FOR 1 5 °  B E V E LLE D  GATE
Gate thickness = 0.47 + 0 .0 1 inches
Upstream head = 7.5 + 0 .1 2 5 inches
Gate opening = 3.0 + 0 .0 1 6 inches
Discharge = 610 ± 10 U.S.G.P.M.
Reference reading = 23.49 + 0 .0 1 inches
Distance 
D/S from 
cuter 
gate face
(in.)
±0 .0 1
X/H
Max.
Reading 
(in.)
±0 .0 1
Min.
Reading 
(in.)
±0 .0 1
Estimated
Reading 
(in.)
±0 .0 1
Final
Reading 
(in.)
±0 .0 0 5
Depth 
(in.)
±0 .0 0 5
Y/II
0 .5 0 .0 66 7 23.05 2 2 .9 0 22 .98 22.977 2.487 O.33K
1 . 0 0.1333 22 .88 2 2 .7 2 22 .80 22 .800 2 .310 0 .308(
1.5 0 .200 0 22.73 22.59 22 .68 22.682 2.192 O.292:
2 .0 0.2667 • 22 .70 22.4-6 22.59 22.585 2.095 O.279:
2.5 0.3333 22.65 2 2 . A3 .22.53 22.535 2.045 0 .272'
3.0 0 .4 000 22.63 22 .38 22.49 22.497 2.007 0.267<
3.5 0.4667 22 .62 2 2 .32 22.48 22.475 1.985 0.264’
4.0 0 .5 333 22 .61 2 2 .3 1 22.4-7 22.465 1.975 O.263:
4.5 0 .6 000 22 .60 22.30 22,46 22.455 1.965 0 .262(
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TA B LE  7 . 7
6 4
E X P E R IM E N T A L  DOWNSTREAK FREE SURFACE P R O F IL E
FOR 3 0 °  B E V E LLE D  GATS
Gate thickness = 0.47 + 0.01 inches
Upstream head = 24 dr 0 .1 2 5 inches
Gate opening = 3.016 ± 0 .0 16 inches
Discharge = 1250 + 10 U.S.G.P.M.
Reference reading = 23.50 — 0.01 inches
Distance 
D/S from 
outer 
gate face 
(in.) 
±0.01
X/H
Max,
Reading
(in.)
±0.01
Min.
Reading
(in.)
±0.01
Estimated
Read ing 
(in.)
±0.01
Final
Reading 
(in.)
±0 .0 0 5
Depth 
(in.)
±0.005
Y/II
0 .5 0 .0208 23.1? 23.12 23.15 23.147 2 .663 0 .110?
1.0 0.0417 22.98 22.91 22.95 22.947 2.463 0.102f
1.5 0 .0625 22.86 22.75 22.81 22 .807 2 .323 0 .096?
2.0 0 .0833 22.78 22.66 22.73 22.725 2.241 0.093.
2.5 0.1041 22.73 22 .60 22,66 22 .662 2.178 0 .090?
3.0 0 .1250 22 .70 22.53 22.62 22 .617 2.133 0 .088?
3.5 0.1458 22.67 22 .50 22.59 22.587 2 .103 0 • 0 CO -0
4.0 O.I667 22.63 22.46 22 .55 22.547 2 .06-3 0 .085?
4.5 0.1875 22.63 22.45 22.55 22.545 2.061 0 • 0 CO v_n
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T A B LE  7 .8
6 5
E X P E R IM E N T A L  DOWNSTREAM FREE SURFACE P R O F IL E
FOR 3 0 ° B E V E LLE D  GATE
Gate thickness = 0.47 + 0.01 inches
Upstream head = 15 ± 0 .1 2 5 inches
Gate opening = 3 .0 1 6 + 0.016 inches
Discharge = 980 ± 10 U.S.G.P.M.
Reference reading = 23.50 ± 0.01 inches
Distance 
D/S from 
outer 
gate face 
(in.) 
±0.01
X/H
Max.
Reading 
(in.)
±0.01
Min.
Read ing 
(in.)
±0.01
Estimated
Read ing 
(in.)
±0.01
Final
Reading 
(in.)
±0.005
Depth 
(in. )
±0 .0 0 5
Y/H
0 .5 0.0333 23.18 2 3 .12 23.15 23.150 2.666 0.1771
1.0 0.0667 23 .00 22.89 22.94 22.942 2.458 0 .163^
1 .5 0.1000 22.89 2 2 .7 6 22.82 22.822 2.338 0.155<
2.0 0 .1333 22,83 22.68 22.75 22.752 2,268 0 .15U
2.5 0 .1667 22.78 2 2 .6 0 22.68 22.685 2.201 0.146/
3.0 0.2000 2 2 .7 A 22.56 22.64 22.645 2 .1 61 o.i44:
3-5 0.2333 2 2 .70 2 2 .5 3 2 2 .61 22 .612 2.128 0.l4l<
4.0 0.2667 22.68 22.48 22.57 22.575 2.091 0 .139*
4.5 0 .3000 22.66 22.42 22.54 22.540 2.056 0.137:
5.0 0.3333 22.65 22.41 22.54 22.535 2.051 0 .136:
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
T A B LE  7 . 9
6 6
E X P E R IM E N T A L  DOWNSTREAM FREE SURFACE P R O F IL E
FOR 3 0 °  B E V E LLE D  GATE
•Gate thickness = 0.4-? ± 0.01 inches
Upstream head = 3.016 + 0 .0 1 6 inches
Gate opening = 7.5 + 0 .1 2 5 inches
Discharge = 650 ± 10 U.S.G.P.M.
Reference reading = 23 .5 0 + 0.01 inches
Distance 
D/S from 
outer 
gate face 
(in.) 
i-0.01
X/H
Max.
Reading 
(in.)
±0.01
Min.
Reading 
(in.)
±0.01
Estimated
Reading 
(in.)
i-0.01
Final
Reading 
(in.)
±0 .0 0 5
Depth 
(in.)
±0.005
Y/II
■0.5 O.O667 23.19 2 3 .0 6 2 3 .12 2 3 .12 2 2 .6 38 0.3517
1 .0 0.1333 23.04 22.88 22.95 22.955 2.471 0.3295
1.5 0.2000 22.95 22.71 22.83 22.830 2.346 0.3128
2 .0 0.2667 22.87 22.64 22.75 22.752 2.268 0.3024
2 .5 0.3333 22.82 2 2 .5 2 22.67 22.670 2.186 0.2915
3 .0 0.4000 22.78 22.43 22.62 2 2 .6 2 5 2.141 0.2855
3 .5 0.4667 22.75 ' 22.47 22 .60 2 2 .60 5 2.121 0.2828
4.0 0.5333 22.74 22.46 22.58 22.590 2 .1 0 6 0.2808
4.5 0 .600c 22 .72 22.4? 22.57 22.572 2.088 0.2784
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TA B LE  7 . 1 0
6 7
E X P E R IM E N T A L  DOWNSTREAM FREE SURFACE P R O F IL E
FOR 1 5 °  B E V E LLE D  GATE
Gate thickness = 2 .0 + 0 .0 1 inches
Upstream head = 24 + 0 .1 2 5 inches
Gate opening = 3 .008 + 0 .0 1 6 inches
Discharge = 1210 + 10 U.S.G.P.M.
Reference reading = 23.52 + 0 .0 1 inches
Distance 
D/S from 
outer 
gate face 
(in,) 
±0 .0 1
X/H
Max.
Reading 
(in.)
±0 .0 1
Min.
Reading 
(in.)
±0 .0 1
Estimated
Reading 
(in.)
±0 .0 1
Final
Reading 
(in.)
±0 .0 0 5
Depth 
(in.)
±0 .0 0 5
Y/H
0 .5 0.0208 23 .02 22 .98 2 3 .00 23 .000 2.488 0 .103-;
1 .0 0.0417 22.85 22.79 22.82 22.820 2.308 O.O962
1.5 0.0625 22.73 22.67 22 .70 22 .700 2 .188 0.091S
2 . 0 0.0833 22.65 22 .58 22 .61 22 .613 2.100 0.087i
2.5 0.1041 22 .62 22.53 22.57 22.572 2 .060 0.0855
3.0 0 .1250 22 .58 22.47 22.53 22.527 2.015
w 
\ 
r'l 
CO 
O
 •
O
3.5 0.1458 22.55 22.46 22 .51 22.507 1.995 0.0831
4.0 O.I667 22.53 22.45 22 .50 22.495 1.983 0 .082f
4.5 0.1875 22 .53 22.45 22 .50 22.495 1.983 0 .082f
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T A B LE  7 . 1 1
6 8
E X P E R IM E N T A L  DOWNSTREAM FR EE SURFACE P R O F IL E
FOR 1 5 °  B E V E LLE D  GATE
Gate thickness = 2.0 ± 0.01 inches
Upstream head = 15 ± 0 .1 25 inches
Gate opening = 3,008 + 0.016 inches
Discharge = 930 ± 10 U.S.G.P.M.
Reference reading - 23 .52 + 0.01 inches
Distance 
D/S from 
outer 
gate face 
(in. } 
±0.01
X/H
Max.
Reading
(in.)
±0.01
Min,
Reading
(in.)
±0.01
Estimated
Reading 
(in.)
±0.01
Final
Reading 
(in.)
±0 .0 0 5
Depth 
(in.)
±0 .0 0 5
Y/H
0.5 0.0333 23.04 22,98 2 3 .01 2 3 .01 0 2.498 0.166
1.0 0.0667 22.84 22.77 22.80 22.802 2 .2 90 0.152’
1.5 0.1000 22.73 2 2 .6 3 22.68 22.680 2 .168 0.144
2.0 0 .1333 22.64 22.53 22.59 22.590 2.078 0.138
2.5 0 .1667 2 2 .6 1 22 .48 22.54 22.542 2 .030 0.135
3.0 0.2000 22.56 22.44 22.51 22.505 1.993 O .132
3.5 0.2333 22.55 22.43 22.49 22.490 1.978 0.131
4.0 0.2667 2 2 .5 4 22.43 22.48 22.482 1.970 O .131
;+.5 0 .3000 2 2 .5 4 22.43 22.48 22.482 1.970 O.I31
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T A B LE  7 . 1 2
6 9
E X P E R IM E N T A L  DOWNSTREAM FREE SURFACE P R O F IL E
FOR 1 5 °  B E V E LLE D  GATE
Gate thickness 
Upstream head 
Gate opening 
Discharge 
Reference reading
=  2.0 ± 0.01 inches
= 7 . 5  - 0 .1 2 5 inches
= 3 .0 08 ±, 0 .0 1 6 inches
= 600 ± 10 U.S.G.P.M.
= 2 3 .5 2 - 0 .0 1 inches
Distance 
D/S from 
cuter
gate face
/ -• .. \V JLfi. J
±0 .0 1
X/H
1 .L*./» C
Reading
(in.)
i-0 .0 1
Min,
Reading 
(in.)
±0 .0 1
Estimated
Read ing 
(in,)
i-0 .0 1
Final
Reading 
(in.)
±0 .0 0 5
Depth 
(in . )
±0 .0 0 5
Y/II
0 .5 0.0667 23 .06 22 .98 23 .02 23 .02 0 2 .5 08 0.334
1 .0 0.1333 22.89 22.74 22 .81 22 .812 2 .3 00 0 .3 06
1.5 0 .2 00 0 22.79 22.59 22.69 22 .69 0 2 .1 78 0 .2 9 0
2 .0 0.2667 22.69 22 .51 22 .60 22 .60 0 2.088 0 .2 78
2.5 0.3333 22.64 22.44 22.55 22.505 2.033 0.271
3.0 0.4000 22 .60 22 .42 22.52 22.515 2 .003 0 .26?
3.5 0.4667 22 .58 22 .3 8 22.49 22.485 1.973 0 .2 63
4.0 0 .5 333 22.58 22.37 22.48 2 2 .477 1.965 0 .2 62
4.5 0 .600 0 22 .58 22.37 22.48 2 2 .477 1.965 0 .2 62
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T A B LE  7 . 1 ?
7 0
E X P E R IM E N T A L  DOWNSTREAM FREE SURFACE P R O F IL E
FOR 3 0 °  B E V E LLE D  GATE
Gate thickness = 2 . 0 ± 0 .0 1 inches
Upstream head = 24 ± 0 .1 2 5 inches
Gate opening = 3 .016 dr 0 .0 1 6 inches
Discharge = 1290 ± 10 U.S.G.P.M.
Reference reading = 23 .50 + 0 .0 1 inches
Distance 
D/S from 
outer 
gate face 
(in.) 
±0 .0 1
X/H
Max. 
Reading
f < v, Yv j-ii . / 
±0 .0 1
Min.
Reading
M  v,
3r0 .01
Estimated
Reading
(in.)
±0 .0 1
Pinal
Reading 
(in,)
±0 .0 0 5
Depth 
( in.)
±0.005
Y/II
0.5 0 .0208 23 .09 23.05 23.07 23.070 2 .5 8 6 0.1078
1 .0 0 .0417 22 .95 22.87 22.91 22 .910 2,426 0 .1011
1.5 0.0625 22.84 22.72 22.79 22.785 2 .3 0 1 0 .0959
2 .0 0.0833 22.78 22 .63 22.71 22.707 2 .2 2 3 0.0926
2 .5 0.1041 22.73 22 .61 22.66 22.665 2.181 0.0909
3 .0 0 .1250 22.69 22.58 22.63 22 .632 2.148 0.0893
3 .5 0.1458 22.67 22.56 22 .61 22.612 2.128 0.0887
4.0 0.1667 22.67 22.54 22 .60 22 .602 2.118 0 .088;
4.5 0.1875 22 .67 22.52 22.59 22 .592 2 .1 08 0.0876
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TABLE 7.1*4-
71
'  E X P E R IM E N T A L  DOWNSTREAM FREE SURFACE P R O F IL E
FOR 3 0 °  B E V E LLE D  GATE
Gate thickness = 2 .0 + 0 .0 1 inches
Upstream head = 15 J- 0 .1 2 5 inches
Gate opening = 3 .016 J- 0 .0 1 6 inches
Discharge = 1000 + 10 U.S.G.P.M.
Reference reading = 23 .50 + 0.01 inches
Distance 
D/S from 
outer 
gate face 
(in.) 
±0.01
X/H
Max.
Reading
(in.)
i-0.01
Min.
Reading 
(in.)
±0.01
Estimated
Reading 
(in.)
i-0.01
Final
Reading 
(in. )
±0 .0 0 5
Depth 
(in.)
±0 .0 0 5
Y/H
. °*-5 0.0333 23.09 23.0*4 23 .06 23.065 2.581 0.172]
1.0 0.0667 22.9*4- 22.86 22.89 • 22.895 2. *4-11 o.i6ori
1.5 0.1000 22.83 22.72 22.77 22 .77 2 2.288 0 .152j
2 .0 0 .1333 22.77 22.6*4 2 2 .7 0 22.705 2.221 0.1*48]
2.5 0.1667 22.73 22.59 22.65 22.655 2.171 0 .1*4*1;
3.0 0.2000 22.68 22.55 2 2 .6 1 22 .61 2 2.128 0.1*41$
3.5 0.2333 22,66 22 .51 2 2 .5 8 22.585 2 .0 98 0 .139s
*4.0 0.2667 22.65 2 2 . *4-9 22.57 22 .57 0 2 .0 8 6 0 .139]
**.5 0.3000 22. 6*4 2 2 . *1-8 2 2 .5 6 22 .56 0 2 .0 7 6 0 .138*
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T A B LE  7 . 1 5 72
' E X P E R IM E N T A L  DOWNSTREAM FREE SURFACE P R O F IL E
FOR 3 0 °  B E V E LLE D  GATE
Gate thickness = 2 . 0 + 0 .0 1 inches
Upstream head = 7.5 ± 0 .1 2 5 inches
Gate opening = 3 .0 1 6 + 0 .0l6 inches
Discharge = 64o + 10 U.S.G.P.M.
Reference reading = 2 3 .5 0 + 0 .0 1 inches
Distance 
D/S from 
outer 
gate face 
(in.) 
±0 .0 1
X/H
Max.
Reading 
(in.)
±0 . 0 1
Min.
Reading 
(in.)
±0 .0 1
Estimated
Reading 
(in.)
±0 ,0 1
Final
Reading
(in.)
±0 .0 0 5
Depth 
(in.)
±0,005
Y/II
°.5 0.0667 23 .12 23.03 23.07 23.072 2.588 0.3451
1 .0 0.1333 22.98 22 .85 22 .91 22 .912 2.428 O .3237
1.5 0 .2000 22.87 22 .71 22 .78 22.785 2.301 0 .306S
2 .0 0.2667 22.78 22.64 22 .71 22 .710 2 .2 2 6 0 .296S
2.5 0.3333 22 .75 22 .56 22 .66 22.657 2.173 0.2897
3.0 0.4000 22 .71 22 .52 22.63 22 .622 2.138 0.2853
3.5 0.4667 22 .70 • 22.51 22 .61 22.607 2.123 0.2833
4 . 0 0.5333 22 .69 22.50 22 .60 22.597 2.113 0 .281?
^.5 0.6333 22 .69 22.50 22 .60 22.597 2.113 0 .281?
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T A B LE  7 . 1 6
73
E X P E R IM E N T A L  DOWNSTREAM FREE SURFACE P R O F IL E
FOR 4 5 °  B E V E LLE D  GATE
•Gate thickness = 2 . 0 + 0 .0 1 inches
Upstream head = 24 + 0 .1 2 5 inches
Gate opening = 3.023 ± 0 .0 1 6 inches
Discharge = 1380 + 10 U.S.G.P.M,
Reference reading = 23.50 + 0 .0 1 inches
Distance 
D/S from 
outer 
gate face 
(in.) 
*0 .0 1
"
X/H
Max.
Reading
( '* vn ^\ -*-«*•* • /
i-0 .0 1
Min.
Reading
(in.)
±0 .0 1
Estimated
Read ing 
1N - A -  * / 
±0 .0 1
Final
Reading 
(in.)
±0 .0 0 5
Depth 
(in.)
±0.005
Y/II
.. 0.5 0.0208 23.23 2 3 .21 23 .22 23 .220 2.743 0.114
1 .0 0.0417 2 3 .10 23.05 23.07 23.072 2.595 0.108
1.5 0.0625 23 .01 22.94 22.97 22.972 2.495 0.103
2 .0 0.0833 22.93 22.86 22.89 22.892 2.415 0.100
2 .5 0.1041 22 .91 22.80 22.85 22.852 2.375 0.098
3 .0 0.1250 22.88 22.78 22.82 22.825 2.348 0 .097
3 .5 0.1458 22.87 22.74 2 2 .80 22.802 2.325 0.096
4.0 0.1667 22.87 22.73 22.79 22.795 2.318 0 .096
^.5 0.1875 22.86 22.73 22.78 22.787 2 .310 0 .096
5.0 0.2083 22.86 22 .72 22.78 22.785 2.308 0 .096
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T A B LE  7 . 1 7
74
- E X P E R IM E N T A L  BONNSTREAM FREE SURFACE P R O F IL E
FOR 4 5 °  B E V E LLE D  GATE
«
Gate thickness = 2 .0 + 0 .0 1 inches
Upstream head = 15 + 0 .1 2 5 inches
Gate opening = 3.023 + 0 .0 1 6 inches
Discharge = 1090 + 10 U.S.G.P.M.
Reference reading = 23.50 + 0 .0 1 inches
Distance 
D/S from 
outer 
gate face 
(in.) 
i-0 .0 1
X/H
Max.
Reading 
(in.)
i-0 .0 1
Min.
Reading 
(in.)
i-0 .0 1
Estimated
Read, ing 
(in.)
i-0 .0 1
Final
Reading 
(in.)
i-0 .0 05
Depth 
(in.)
i-0 .0 0 5
Y/H
0.5 0.0333 23.24 2 3 .2 0 23 .22 23 .220 2.743 0 .182<
1 .0 O.O667 23 .12 23.05 23 .08 23 .082 2 .605 0 .1731
1.5 0 .1000 23.05 22.94 22.99 22.992 2.515 0.167'
2 .0 0 .1333 22.97 2 2 .8 5 22.91 22 .910 2.433 0 .162J
2.5 0.1667 22 .92 22.79 22 .86 22.857 2 .380 0 .158:
3.0 0 .2000 22 .90 2 2 .7 6 2 2 .83 22 .830 2.353 0 .156:
3.5 0.2333 2 2 .86 22.73 22.79 22.792 2.315 0.154;
4.0 0.2667 22 .85 2 2 .7 1 22 .78 22 .780 2.303 0.153:
^ . 5 0 .3000 22.84 22.71 22.77 22.772 2.295 0.153«
5 .0 0.3333 22.84 2 2 .7 0 22.77 22.770 2.293 0 .152:
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T A B L E  7 . 1 8
75
E X P E R IM E N T A L  DOWNSTREAM FR E E  SURFACE P R O F IL E
FOR 4-5° B E V E LLE D  GATE
■Gate thickness = 2 . 0  ± 0.01 inches
Upstream head = 7 . 5  - 0.125 inches
Gate opening = 3 .0 2 3 ± 0.016 inches
Discharge = 690 ± 10 U.S.G.P.M.
Reference reading = 2 3 .5 0 ± 0.01 inches
Distance 
D/S from 
outer 
gate face 
(in.) 
±0.01
X/H
Max.
Reading 
(in.)
±0.01
Min.
Reading 
(in.)
±0.01
Estimated
Read ing 
(in.)
±0.01
Final
Reading 
(in.)
±0 .0 0 5
Depth 
(in.)
±0 .0 0 5
Y/H
°-5 0.0667 23.25 23.18 23 .21 23.212 2.735 0.364'
1 . 0 0.1333 23.11 2 3 .02 23 .06 23.062 2.585 0.344'
1.5 0.2000 23.03 22.89 22.95 22.955 2.478 0.3301
2 . 0 0.2667 22.9^ 2 2 .8 0 22.86 22.865 2 .388 0 .318^
2.5 0.3333 2 2 .9 0 22.71 22.80 22.802 2 .3 25 0 .310(
3.0 0.4000 22.89 22.69 22.78 22.785 2 .308 0 .307:
3.5 0 .4667 22.88 22.67 22.77 22.772 2 .2 95 0 .306(
4 .0 0.5333 22.89 22.65 22.77 22.770 2.293 0 .305:
^.5 0 .6 00 0 22.89 22.65 22.77 22.765 2.293 0 .305:
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7 6
FA B LE  7 . 1 9
E X P E R IM E N T A L  C c  AND C<j FOR SHARP EDGED GATE
Gate thickness
Distance downstream 
from outer gate face
Reference reading
Gate opening
= O.A7 ± 0.01
= A .50 ± 0.01
inches
inches
23. A? ± 0.01 inches
3.016 t 0.016 inches
No.
of
Test
u/s
head
(in.) 
±0 . 1 2 5
Dis­
charge
USGPM
±10
Max. 
Read­
ing
(in.) 
±0.01
Min.
Read­
ing
(in.) 
±0.01
Esti­
mated 
Read­
ing 
(in.)
±0.01
Final
Read­
ing
(in.) 
*0 . 0 0 5
De pth 
(in.)
±0.005
Cc Cd
1 3 2 .0 0 1360 22. A2 2 2 .3 0 2 2 .3 5 22.355 1.901 0.686 o.6if
2 2 5 .0 0 1170 22.39 22 ,2A 2 2 . 3 1 22 .3 1 2 1.858 O .616 0 .59s
3 2 A. 00 1160 22.AO 22.22 2 2 .3 1 22 .3 1 0 1.856 0.615 O.SOi
A 19.50 1030 22. AA 22.20 2 2 .3 2 2 2 .3 2 0 1.866 0.618 0.59S
5 1A.50 880 22. AA 22.22 2 2 .3 3 2 2 .3 3 0 1 .8 7 6 0.622 0.59S
6 10.00 720 22.53 2 2 .2 3 2 2 .3 6 2 2 .3 7 0 1.916 0.635 o.58f
7 7 . 5 0 600 22.53 2 2 .2 3 2 2 .3 8 22.380 1.926 0 .6 3 8 0.562
8 5 . 7 5 A90 22.56 22.28 22. A2 22.A20 1.966 O .651 ■ 0 .52i
9 . 5 . 0 0 A50 22.5A 22.28 22 .A3 22.A20 1 .9 6 6 0.651 0 .51s
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TABLE 7.20 77
E X P E R IM E N T A L  C c  AN D  C&  FOR 3O B E V E LLE D  GATE
Gate thickness
Distance downstream 
from outer gate face
Reference reading
Gate opening
= 0.47 ± 0.01
= 4.5 ± 0.01
inches
inches
23 ,50 J 0.01 inches
3 .0 16  t 0 .0 1 6 inches
No.
of
Test
u/s
head
(in.) 
±0 .1 25
Dis­
charge
TTOCPM\S  X. XX  
±10
Max. 
Read­
ing
(in«) 
±0 .0 1
Min.
Read­
ing
•(in.) 
±0 .0 1
Esti­
mated 
Read­
ing 
(in.)
±0 .0 1
Final
Read­
ing
(in.) 
0^ . 0 0 5
Depth 
(in.)
±0.005
Cc Cd
1 24.0 1250 22 .70 22.42 22.55 22.555 2.071 0 .6 8 6 0 .6 53
2 15.0 980 22 .65 22.40 22.54 22.532 2.048 0.679 0 .6 50
3 13.0 910 22 .72 22.41 2 2 .56 22 .562 2 .078 0 .6 89 0 .648
4 1 0 .0 780 22 .72 22.42 22 .56 22.565 2 .081 0 .6 9 0 O .632
5 7 .5 650 22.73 22.43 22 .58 22 .580 2 .096 0.694 0 .6 10
6 6 .0 550 22.73 22.43 22 .58 22 .580 2 .0 96 0.694 0.577
7 5.5 520 22.74 22.45 22 .60 22.597 2 .113 0 .7 0 0 0.570
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T A B LE  7 . 2 1
E X P E R IM E N T A L  C c  AND Cd FOR 1-5° B E V E LLE D  GATE
Gate thickness
Distance downstream 
from outer gate face
Reference reading
Gate opening
No.
of
Test
U/S 
head 
(in.)
±0 . 1 2 5
Dis­
charge
USGPM . 
±10
Max. 
Read­
ing
(in.) 
±0 . 0 1
Min.
Read­
ing
(in.) 
±0 . 0 1
Esti­
mated 
Read­
ing 
(in.)
±0 . 0 1
Final
Read­
ing
(in.)
*-0 . 0 0 5
De pth 
(in.)
±0 .0 0 5
Cc Cd
1 24.0 1200 22.53 22.31 22.4-3 2 2 . ^ 2 5 1.935 0 .645 0 .6 2 6
2 16.5 960 22.54 2 2 .3 0 22.40 22.410 1 .9 2 0 0 .640 0 .6 0 6
3 1 5 .0 910 2 2 . 5 2 2 2 .2 9 22.41 2 2 .407 1.917 0.639 0 .6 0 3
4 1 0 .0 7A0 22.57 2 2 .3 1 22.45 22.445 1.955 O .652 0 .60c
5 8 . 0 640 22.59 2 2 .3 1 22 AS 22.450 1 . 9 6 0 0.653 0 .58c
6 7.5 610 22.59 2 2 .3 2 22 A6 22.457 1.967 0 .6 5 6 0 .5 7 2
7 6 .5 550 2 2 . 6 0 2 2 .3 2 22 A7 22.465 1.975 0 .6 5 8 0 .5 5 8
8 5.5 500 2 2 .6 1 22.33 22 A8 22.475 1.985 0 .6 6 2 0 .5 4 7
= 0.4?
= 4.5
= 23.49 
= 3.0
± o.oi 
± 0.01
± 0.01 
± 0 . 0 1 6
inches
inches
inches
inches
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{TABLE 7 . 2 2 79
E X P E R IM E N T A L  C c  AND C fl FOR 3 0  BEVELLE D  GATE
Gate thickness
Distance downstream 
from outer gate face
Reference reading
Gate opening
= 2.0 - 0.01 
_ A . 5 ± o.oi
= 23 .50 ± 0 .0 1
inches
inches
inches
= 3 .016 1" 0 .016 inches
No.
of
Test
U/S
head
(in.) 
*0.125
Dis­
charge
USGPM
±10
Max. 
Read­
ing
(in.) 
±0 .0 1
Min.
Read­
ing
• (in.) 
±0 .0 1
Esti­
mated 
Read­
ing 
(in.)
±0 .0 1
Final
Read.-
ing
(in.) 
*0.005
Depth 
(in.)
±0.005
Cc Cd
. 1 2A .0 1290 2 2 .6 6 22.51 22 .58 22.532 2.098 0.695 O .676
2 15.0 1000 22.65 22.A7 22.57 22.565 2 .081 0 .690 0 .6 62
3 11.5 850 22 .68 2 2. AS 22 .58 22 .580 2 .096 O.69A 0 . 6  A3
A 10 .0 790 22.70 2 2 . A9 22.58 22 .582 2 .098 0.695 0 .6A2
5 8 .5 700 2 2 .7 0 22 .50 22 .60 22 .600 2 .116 0 .701 0.617
6 7 .5 6 Ao 2 2 .6 9 22.50 22 .60 22.597 2 .1 13 0 .700 O .599
7 • 6.5 590 2 2 .69 22. A° 22.60 22.595 2.111 0 .700 O.59E
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T A B LE  7 . 2 2
8 0
E X P E R IM E N T A L  C c  AN D  C<3 FOR 15  B E V E LLE D  GATE
Gate thickness
Distance downstream 
from outer gate face
Reference reading
Gate opening
= 2.0 ± 0.01 
_ 4 .5 0 ± 0 .0 1
= 23 .52 ± 0 .0 1
inches
inches
inches
= 3 .OO8 ± 0 .0 1 6 inches
No.
of
Test
U/5
head
(in.) 
±0 .1 25
Dis­
charge
USGFM
±10
Max. 
Read­
ing
(in.) 
±0 .0 1
Min. 
Read­
ing
■(in.) 
±0 .0 1
Esti­
mated 
Read­
ing 
(in,)
±0 .0 1
Final
Read­
ing
(in.)
*0.005
Depth 
(in.)
±0.005
Cc Cd
1 24.00 1210 2 2 .5 6 22 .42 22 .50 22.495 1.983 0 .659 0.633
2 15 .00 930 22.54 22.41 22.48 22.477 1.965 0 .6 5 3 0.616
3 10.00 750 22.57 22 .40 22,49 22.48? 1.975 0 .6 56 0 .60s
4 8 .0 0 64 0 22.5S 22.39 22.49 22.487 1.975 0 .6 56 0 .5 8c
5 7.25 590 22.58 22.40 22.49 22.490 1.978 0 .657 0 .5 6;
6 6 .50 550 22.58 22.39 22.49 22.487 1.975 0 .656 0.553
7 5.50 500 22.58 22.39 22.48 22.482 1.975 0 .656 0.547
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T A B LE  7 . 2 4 - 8 1
E X P E R IM E N T A L  C c  AN D  Cd  FOR A50 B E V E LLE D  GATE
Gate thickness
Distance downstream 
from outer sate face
Reference reading
Gate opening
2.0 ± 0.01
A . 5 ± 0 . 0 1
inches
inches
_ 2 3 .5 0 ± 0.01 inches
= 3 .0 2 3 ± 0 .0 1 6 inches
No.
of
Test
u/s
head
(in.) 
±0 . 1 2 5
Dis­
charge
USGPM
±10
Max. 
Read­
ing
(in.) 
±0 . 0 1
Min,
Read­
ing
(in.) 
±0 . 0 1
Esti­
mated
Read­
ing
(in.)
±0 . 0 1
Final
Read­
ing
(in.) 
^0 . 0 0 5
De pth 
(in.)
±0.005
Cc Cd
1 2A .0 1330 2 2 .8 6 2 2 .7 2 2 2 .7 8 2 2 .7 8 5 2 .3 0 8 0.763 0 .7 2;
2 15.0 1.090 2 2 .8 A 22 .70 2 2 .7 7 22.770 2 .293 0.758 0.72:
3 1 0 . 0 870 2 2 .8 8 2 2.6A 22.75 22.755 2 .2 7 8 0.753 0.70:
A 7.5 690 22.89 2 2 .6 3 2,2.77 22.765 2.288 0.756 0 . 6  A:
5 6.5 610 22.89 2 2.6A 22.77 2 2 .7 6 7 2.290 0.757' 0 .61^
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T A B LE  7 . 2 5
8 2
E X P E R IM E N T A L  C c AND Cd  FOR SHARP CRESTED GATE
Gate thickness
Distance downstream 
from outer gate face
Reference reading
Gate opening
= 0 .4-7 * 0.01
= 4 .5 0 ± 0 .0 1
inches
inches
= 38.345 - 0 .0 0 5 inches
= 6 .0 1 6 ± 0.016 inches
No. 
of
Test
u/s
head
(in.)
*0 .1 2 5
Dis­
charge
USG PM 
3-10
Max. 
Read­
ing
(in.) 
iO.Ol
Min. 
Read­
ing
(in.) 
3-0 .0 1
Esti­
mated 
Read­
ing 
(in.)
iO.005
Final
Read­
ing
(in.) 
*0 .0 0 5
Depth 
(in.)
*0 .005
Cc Cd
1 2 1 .5 0 2000 36.09 35.87 35.940 35.960 3.631 0.6035 0 .568
2 20 .50 2000 36.10 35.87 35.94o 35.962 3.633 0.6038 0 .5 65
3 20.00 1980 36.10 35.87 35.940 35.962 3.633 0.6033 0 .5 66
4 19 .00 1930 36.10 35.87 35.940 35.962 3.633 0.6038 0 .565
5 17.75 1840 36.11 35.88 35.950 35.972 3.643 0.6055 0 .5 55
6 17.00 1760 36.10 35.88 35.950 35.970 3.641 0.6052 0 .542
7 15 .00 1670 36.12 35.87 35.955 35.975 3.646 0.6060 0 .552
8 12 .5 0 1420 36.11 35.89 35.950 35.975 3.646 0.6060 0.508
0s 12.00 1400 36.10 35.89 35.950 35.972 3.643 0.6055 0 .5 17
10 11.00 1300 36.12 35.88 35.960 35.935 3.651 0.6068 0 .5 0 0
11 10.00 1220 36.13 35.89 35.960 35.982 3 .656 0.6070 0 .494
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TABLE  7 . 2 6 8 3
EXPERIMENTAL Cc AND Cd FOR SHARP EDGED GATE
Gate thickness
Distance downstream 
from outer gate face
Reference reading
Gate opening
= 0 .4 7 ± o.oi
= 4 . 5 0 ± o.oi
inches
inches
= 33*37 ^ 0.01 inches
~ 1 .0 23 - 0 .0 1 6 inches
No.
of
Test
u/s
head
(in.) 
±0.125
Dis­
charge
USGFM
±10
Max. 
Read­
ing 
(in.)
±0 .0 0 5
Min.
Read­
ing
(in.)
±0 .0 0 5
Esti­
mated 
Read­
ing 
(in.)
±0 .0 0 5
Final
Read-
ing
(in.) 
*0.005
Depth 
(in.)
±0 < 005
Cc Cd
1 20.000 370 33.015 32.990 33.005 33.004 0.657 0.642 0 .6 2 3
2 13*350 300 33.020 32.985 33.000 33.001 0.654 O .639 0 .62c
3 7*750 220 33.035 32.980 33.000 33.004 0.657 0.642 0 .5 9 3
4 4,500 170 33.035 32.980 33.005 33.006 0.659 0.644 0 .601
5 3,000 130 33.055 32.990 33.020 33.021 0.674 0.659 o.56d
6 2 .1 2 5 110 33.090 33.020 33.050 33.052 0.705 0 .6 8 9 0 .56?.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8 4
0.74
0.72
0 .70
0.68
y o ^  '.OO
0 .6 4
0 .62
0 .6 0
0 .58
For t = 0.47 inches 
G=6.016 inches
0.1 0.2 0.4 0.50.3 
G/H
FIG. 7.1 EXPERIMENTAL COEFFICIENTS OF CONTRACTION FOR 
SHARP EDGED GATE
0.6
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74
For t=0.47 inches 
G=3.0I6 inches
72
70
68
66
6 4
6 2
6 0
.58
0.3 0 4 0.50 0.1 0.2 0 6 0.7
G/H
FIG. 7.2 EXPERIMENTAL COEFFICIENTS OF CONTRACTION FOR 
SHARP EDGED GATE
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8 6
0.76 .
0 .7 4 .
For t = 0.47 inches 
G= 1.023 inches
0 .7 2 .
0 .7 0 .
0.68.
0.66.
0 .6 4 .
0.6 2 .
0 .60
0.1 0.2 0.4 0.50.3 
G/H
FIG.7. 3 EXPERIMENTAL CO;:.-FFiCIFNTS OF CONTRACT I uN FOR 
SHARP EuGED GATE
0.6
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8 7
0.78
0.76
For t = 0.47 inches 
G=3.0I6 inches
0.74
0.72
0 .70
0.68
0.66
0.64
0.62
0.1 0.2 0.3
G /H
0 4 0 5 0.6
FIG. 7.4- iiXEERIKEwTAL COEFFICIENTS OF CONTRACTION FOR 30 
ANC-LE GATE
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8 8
0.78 -
For t=2.0 inches, 6=3.016 inches 
For t=0.47 inches, G=3.0I6 inches
0 .7 6 .
0 .74
0 .7 2 -
i
0.68.
0.66.
0.64 .
^  Q
0.62
0 0.1 0.2 0.3 0.4 0.5 0.6
G/H
FIG. 7.5 EXPERIMENTAL COEFFICIENTS OF CONTRACTION FOR 30 
ANGLE GATE FOR DIFFERENT GATE THICKNESS
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
0.78
0.76
For t=0.47 inches 
G=3.0 inches
0-74
0 .72
0 .7 0
0-68
0.66
0 .6 4
0.62
0-60
0.4 0.5 0.60.1 0.2 0.30
G/H
FIG. 7.6 EXPERIMENTAL COEFFICIENTS OF CONTRACTION OF 
SLUICE GATE FOR 15° ANGLE GATE
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9 0
0.76
0 .7 4 .
0 .7 2
0.7 0
» /•* A
F.O o
0.66
0 .64
0.62
  For t=2.0 inches, G=3.008 inches
—  For t=0.47 inches, 6=3.0 inches
0.60
0 0.1 0.2 0.3
G /H
0.4 0.5 0.6
FIG. 7.7 COMPARISON OF EXPERIMENTAL COEFFICIENTS OF 
CONTRACTION OF DIFFERENT GATE THICKNESS FOR 
15° ANGLE GATE
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
0.86
91
0 .84
For t=0.47 inches 
G=3.0 inches
0 .8 2 .
0 .8 0 .
0 .7 8 .
0 .7 6 -
0 .7 4 .
0 -7 2 .
Up^table
0 .7 0
O.l 0.2 0.3
G /H
0.4 0.5 0.6
FIG. 7.8 EXPERIMENTAL COEFFICIENTS OF CONTRACTION FOR 
45° ANGLE GATE
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9 2
0.86 - -
0.84
-------©— — For t=2.0 inches, G=3.023 inches
— For t=0.47 inches , G=3.0 inches
-
0.82 - -
0 .80 - -
A 7 0  V • | w
Cc
0.76 p o \
\
0 -74 -
------ S ____ /
-
0 .72 - -
0 .7 0 _________i_ ■ . _i_________i________ i________ i------___ _ I_____ __ I ___ _ I ___ _ I ___ _ I ------
0 0.1 0.2 03  0.4 0.5 0.6
G /H
FIG. 7.9 COMPARISON OF EXPERIMENTAL COEFFICIENTS OF 
CONTRACTION OF DIFFERENT GATE THICKNESS FOR 
A5° ANGLE GATE
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
0.4
Theoretical Values: 
o Momentum Principle And Finite Element Method 
•  Energy Principle And Finite Element Method 
Experimental Values --------------------
0 .3
G/H=0.4
G/H =0-2
D.05
0 0.1 0.2 0.3 0.60.4 0.5
Distance From Gate X/H
PIG. 7.10 COMPARISON OP DOWNSTREAM SURFACE PROFILE FOR 
SHARP EDGED GATE
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ri
ow
 
ue
pn
n 
T
/
n
9 4
0.4
Theoretical Values:
Momentum Principle And Finite Element Method 
Energy Principle And Finite Element Method 
Experimental Values ---------------------
0.3
G/H =0.4
0.2
G/H = 0.2
0.1
G/H = 0.125
0.05
0.60.3 0.50.40.20.10
Distance From Gate X /H
FIG. 7.11 COMPARISON OF DOV;NSTk EAM SURFACE PROFILE FOR 
15° ANGLE GATE
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
111 Han 
M
m
95
0 .4
Theoretical Values:
Momentum Principle And Finite Element Method 
Energy Principle And Finite Element Method 
Experimental Values ----------------------
0.3
G/H =0.4
0.2
G/H =0.2
G/H =0.125
0.05
0.60.50.40.30.20.10
Distance From The Gate X /H
FIG. ?.12 COMPARISON OF DOWNSTREAM SURFACE PROFILE FOR 
30° ANGLE GATS
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9 6
0-66
For t =0.47 inches, G =3.016 inches
0 .64
0.62
0.60
0 .58
0 .56
0 .54
0 .52
0 .50 XX I X X
0 0.1 0.2 0.3 0.4 0.5 0.6
G /H
FIG. 7.13 EXPERIMENTAL COEFFICIENTS OF DISCHARGE FOR 
SHARP EDGED GATE
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
97
0 .74
For t=2.0 inches, G=3.016 inches 
For t=0.47 inches, G=3.016 inches
0 .72
0 7 0
0.68
0.66
0 .64
0 .6 2
0 .6 0
0 .58
0.4 0.60.2 0.3 0.50.10
G/H
FIG. 7.14- EXPERIMENTAL COEFFICIENTS OF DISCHARGE FOR 
30° ANGLE GATE WITH DIFFERENT THICKNESS
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9 8
0.72 For t = 0.47 inches, G=3.0I6 inches
0 .70
0.68
0.66
0-64
0 .62
0.60
0 .58
0 .56 I1
0 0.1 0.2 0.3 0.4 0.5 0.6
G /H
FIG. 7.15 EXPERIMENTAL COEFFICIENTS OF DISCHARGE FOR 
30° ANGLE GATE
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
99
0.70 For t = 0.47 inches 
G= 3.0 inches
0.68
0.66
0.64
0 .60
0 .58
0.56
0.54
0.1 0.2 0.40.3
G /H
0.5 0.6
FIG. 7.16 EXPERIMENTAL COEFFICIENTS OF DISCHARGE FOR 
15° ANGLE GATE
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 0 0
0 .70 For t=2.0 inches, G =3.023 inches 
For t=0.47 inches, G=3.0 inches
0.68
0.66
0.64
0 .6 0
0.5 8
0.5 6
0 .5 4
0.3 0.4 0.60.2 0.5O.l0
G /H
PIG. 7.17 EXPERIMENTAL COEFPICIENTS OP DISCHARGE FOR 
15° ANGLE GATE WITH DIFFERENT THICKNESS
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
101
0.76
For t=2.0 inches 
6=3.016 inches
0 .74
0 .7 2
0 .7 0
0.68
0.66
0 .64
0.6 2
0 .6 0 II1I 0.50.3 0.40.2 0.60.1
G /H
FIG. 7.18 EXPERIMENTAL COEFFICIENTS OF DISCHARGE FOR 
4-5° ANGLE GATE
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
102
0 .6 4
For t = 0.47 inches 
G =6.016 inches
0 .62
0 .6 0
0 .5 8
0 .56
0 .5 4
0 .5 2
0 .5 0
0.4 8 1I Xi
0.60.50.40.2 0.30.1
G /H
FIG. 7.19 EXPERIMENTAL COEFFICIENTS OF DISCHARGE FCR 
SHARP EDGED GATE
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 0 3
0.66
For t = 0.47 inches 
6 s I.023  inches
0 .6 4 .
0 .6 2 .
0 .6 0 .
a
0 .5 8
0 .5 6 .
0 .5 4 .
0 .5 2
0I 0.2 0.3
G /H
0.4 0.5 0.6
FIG. 7.20 EXPERIMENTAL COEFFICIENTS OF DISCHARGE FOR 
SHARP EDGED GATE
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 0 4
CHAPTER 6 
DISCUSSION
8.1 The Choice of Elements
In the finite element method, the decree of sccuracy depends 
on how the elements are used. It is best for the shape of the 
tr3angle element to approach a nigh*, angled triangle if possible 
Within some limits, the greater the number of elements chosen, 
the better accuracy of the solution. However, this gives 
more unknown values due to more elements and thus the computa­
tion time increases..
_  \ T  . - J— 1.— .»» 4- 1»-» ^  -I-. 4* 4 "1 t.t . -v» I r* -f* l-i \ 4- «•> 1  <““\ v> r*s *V-» r-> t r ?<"i •■’*1 r~% S'l /-> ■'-> n i l
ci J -Lit u U t ;  L'iiC'di. ‘O  t x o a i  V.'s^J- -li. j O l i ’O  k-CXJ.- L 1 J. £- J il'-ou.' o n  Cv.L^.
the doxTOstream surface elements is desired, The total
energy head equals the addition of velocity head,
pressure head and elevation head, The pressure head 
and elevation head can be found from the flow pattern, 
but the velocity head should be developed from the slope 
matrix by using the finite element method. According to 
the basic assumption of this finite element analysis, 
the velocity is constant within each element. The 
calculated velocity head corresponds to the centroid, 
of each element. By the principle of free vortex 
flow and. the curvature of the downstream surface profile, 
this centroidal velocity head can be transposed to
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the free surface. The surface elevation head is then 
added to the velocity head to get the total head.
b) Momentum principle wss also employed to calculate the 
constant total energy head on all the donwstream 
elements. The pressure head on the gate was found by 
subtracting the velocity head from the total head on 
the gate. The total force on the gate was obtained 
by integrating all the pressure heads along the gate.
By Bernoulli’s equation; the upstream velocity head 
was found first and the upstream free surface adjusted. 
Then through the momentum balance between upstream 
and downstream, the total energy line for all the 
downstream elements was estimated,
In order to obtain a good solution, it is 
necessary to have sufficient small triangle elements
along upstream side of the gate and the downstream free 
surface, The numbers of elements along the upstream side 
of the gate used in the numerical work is shown in 
Table 8,1, The numbers of elements along the downstream 
free surface used in the numerical work are shown in 
Table s 6 . ?. and. 6,3*
Table 8,1 No, of Elements along Upstream. Side of the Gate
^ ^ ^ ^ G a t e  Angle 
head ( in . )
0° 15°
0ocm
2E.o 10 6 6
1 5 .0 8 7 6
7-5 6 e;
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8,2 Ccmparison of Energy Mothod and Momentum Method
In the energy .method, it is assumed that there is no energy 
loss when the fluid flows through the sluice gate. Actually
this is not exactly true. Generally sneaking, there is a
* 2
small energy loss of the order of 0,1 _r—  in the sluice gate 
problem. In the momentum, method, the balance of momentum of 
upstream and donwstream was considered. It has nothing to do 
with the energy dissipated.
Table 8,2 and Fig, 8,3* Fig, 8.4, Fig. 8,6 show the 
percentage errors and comparing the energy method and momentum 
method with the experimental results. From this comparison, 
it is observed that the error by using energy method is higher 
us'Lvifr rnom0nttilri
.8,3 The Difference between Experimental and Computed Results
The difference between experimental and theoretical results 
can be explained by the existence of a boundary layer which 
has approximately zero thickness at the gate and increases 
in thickness downstream. The difference at low upstream head 
is higher than at high upstream head. The difference at himh 
head can be explained by the existence of laminar boundary 
layer and the difference at low head can be explained by the 
existence of turbulent boundary layer.
For laminar boundary layer, the thickness & can be
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obtained from:
J l .
X
5 ( ^ - r ..(8.1)
where
V
the kinematic viscosity
the free-stream velocity outside
the boundary layer.
For turbulent boundary layer
S_
X °-38 (~7T~) . . (8 .2 )
For sharp crested gate, at the head of 2.b inches, it  ^
was calculated that the laminar boundary layer thickness was 
0 .0 0 3 mcnes and at the head of 7*5 inches, we can find the 
turbulent boundary layer thickness to be 0,091 inches. Thus 
a boundary layer correction can help to bring the experimental 
results into agreement with the theory.
Henderson (16) relates the boundary layer thickness b , 
to the gate opening G and Reynolds number. For laminar flow 
and for flows having similar Froude numbers, he shows that 
the discrepancies A*, between experimental and theoretical
values of Cc a e related by:
G1
= 2.25
Go 3 A
(-^-) =1.65
G2
G 3/^
( - P “) = 3.72
..(8.3)
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In which
A 2 = the discrepancy in Cc for = 1.023 inches,
A 2 = the discrepancy in Cc for G2 = 3 .0 1 6 inches,
A^ = the discrepancy in Cc for G^ = 6 .0 1 6 inches,
where
Gi, G2 , G3 are the gate openings for sharp 
edged gates.
The values in Pig. 8.1 show good confirmation of this equation 
for low head.
8 .^ Comparison of Different Theoretical Solutions
The coefficients of contraction curves for sharp edged 
gate obtained by Southwell and Vaisey (if-), Pajer (3), Perry (6 ),
Benjamin (5 ), Fangmeier and Strelkoff(7), Larock (11) are shown
in Fig. 8.2 and Fig. '8 .5 . These curves are compared with 
the computed points obtained by using the finite element 
method, the correlation is quite good for the energy and 
momentum method except for high head under momentum principle. 
This slight difference for high head probably results from 
underestimating the force of the gate on the flow due to 
insufficient number of elements along the gate.
8.5 Contour Map
In the contour maps of the summation of squares of energy
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deviations (Pig. 6.1 to Pig. 6.18), the inner closed contour 
is long and narrow when the energy principle is used and it 
is not easy to obtain the correct A0 and B0 from the map.
The inner closed contour obtained by using the momentum 
priciple is more circular, and the variation between the 
extreme ends is not large, thus one can find the answer from
this map more easily. Thus the error in Aof B0 by using 
energy principle could be larger than that by using momentum 
principle.
Por the vertical sharp crested gate, the coefficient of 
contraction depends on the parameter Bq only. The symmetrical 
centre lines of the closed contour lines are nearly horizontal 
and vertical. For the angle gate, the coefficient of 
contraction depends on both AQ and BQ , The lines of summetry 
of the closed contour are inclined.
i
8.6 The Accuracy of Experimental Readings
The approximate errors from different sources are indicated 
as follows:
(A) Sources of errors
a) The errors that might occur in the measurement
of flow rate are as follows:
1) Minor leakage from the leaks between gate
and flume walls,
2) Magnetic flow meter reading.
3) Magnetic flow meter calibration.
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Baffle disturbance.
5) Air entrairtment.
b) Errors that might occur in experimental 
determination of Cc and Cq for various gate openings 
are s
1) The large fluctuations at donwstream water 
surface at low upstream head for 6 .0 16 inches
gate opening.
2) The small fluctuations at downstream water 
surface at low upstream head for 3*°l6 inches 
gate opening.
3) Almost no fluctuation at' downstream water 
surface for 1 .0 2 3 inches gate opening.
*0 Errors that occurred in electric point gauge 
reading.
5) Errors that occurred in scale reading.
6) Errors in_ measured discharge.
(B) Approximate values of the error in reading the 
readings are;
a) Magnetic flow meter reading
b) Upstream water level fluctuation
1) For high head fo'r 3. IN. gate opening iO.25 IN.
2) For low head for 3. IN. gate opening "^0.5 IN.
3) For high head for 6.IN. gate opening iQ ,2$ IN,
1) Zero reading
2) Calibration reading
3) Discharge reading
20 U.S.G.P.M 
+5 U.S.G.P.M 
+10 U.S.G.P.M
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*0 For low head for 6.IN. gate opening -0.5 IN.
5) For high head for 1.IN. gate opening ±0.125 IN.
6) For low head for 1.IN. gate opening -0.25 IN.
c) Electric point gauge reading-
1) Calibration reading ±0.005 IN.
2) Downstream water level reading ±0.01 IN.
3) Downstream zero reading ±0.01 IN.
d) Scale reading
1) Gate opening reading ±0.016 IN.
2) Horizontal distance downstream
from the gate ±0.125 IN.
3) Upstream water level scale
reading ±0.125 IN.
8.7 The Accuracy of Results
(a) The scatter of experimental results
The experimental results of coefficient of contraction 
in Fig. 7.1 to Fig. 7.3 are scatter to some extent. The 
summations of the squares of residuals from the average 
curve are shown below in Table 8.3 for different types 
of gates. These residuals are the deviations of all 
experimental points from the average curve, and are 
measured in the direction of vertical axis.
The value of 6^/n indicates the extent of the scatter 
of the experimental reading. This scatter condition is 
very little for the gates of increased thickness. These 
extended gate lips result in smooth and stable downstream
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water surfaces.
The scatter of experimental results and the apparent 
scale effects could be explained partly due to the 
reading errors given in section 8.6.
(b) The percentage error of Cp
The experimental coefficient of discharge was based 
on the measured discharge, whcih is expressed by the
equation 7.1. The maximum coefficient of discharge can
be obtained by equation 8,^.
Max. Cp = Cc J . ^ C Z  ..(8.**)
where
Cc is the experimental coefficient of contraction.
G is the gate opening.
D is the upstream head,
and the percentage error of Cp can be found from the equation
8.5
Pe = !fax-cD-,cIL. x 100 ..(8.5)
Max.Cp
where
Pe is the percentage error of Cp*
Cp is the experimental coefficient of discharge
in Table 7.19 to Table 7-26.
Max. Cp is the maximum coefficient of discharge 
by equation 8.^ -.
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The percentage errors of C q calculated from equation
8.5 are shown in Fig. 8 .7 . It is found that the average 
percentage error of Cq for this experimental study is 
-2.0$.
(c) Some limits on the readings
Since the flume used for the experimental work is 
three feet high, the experimental results for very high 
upstream heads could not he obtained. For very low heads, 
serious fluctuations occurred at donwstream side. No 
reading could be obtained xtfhen the head was below a 
certain level. The upper and lower limits of reading 
are shown in the graphs (Fig. 7.1 to Fig. 7.8).
When the gate lip angle 0 increases and reaches to
some limiting value, the water detaches from the lip of 
the gate and the gate performs like "vertical sharp 
crested gate" except G is increased. No reading for 
45° angle gate with 0.^7 inches thickness could be 
obtained when the upstream head was higher than 6 inches.
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TABLE OP PERCENTAGE ERROR OF C_ .
Gate u/s
#age
angle head A0 Bo C c
e (IN)
error
0° 24,0 3.H7 1 .1 7 0 0 .6 1 0 0.32 %
0° 15-0 3.130 1 .2 0 0 0 .6 0 0 1.33 %
0° 7.5 3.130 1.197 0 .6 01 4.00 %
Energy 15° 24.0 4.520 1 .0 75 0.664 1.40 %
Method 15° • 1 5 .0 4.220 1.180 0 .6 3 6 1.40 %
15° 7.5 4.120 1.360 O .587
vn..
0CM•rH
30® 24,0 4 .3 0 0 1.150 rN /* r~t /u  . 0 { 0 to m 0 0 o'i
.
30® . 15.0 4 .4 9 6 1.136 0.679 1 .7 0 %
30® 7.5 4 .5 7 0 1.210 0.658 5 .9 0 %
0® 24.0 3 .6 5 0 1.145 0 .618 1 .4 5 %
0® 15.0 3 .3 90 1.186 0 .6 05 0 .5 0 %
0® 7.5
VT\I—1H•
-d- 1.194 0 .6 02 3.82 %
Momentum 15° 24.0 4.220 1.149 0.645 3.80 % .
Method 15° 15 .0 3.375 1.193 0.635 1.50 %
15° 7.5 4 .3 10 1.175 0 .632 5.00 %
30® 24.0 3 .020 1.177 0 .6 9 4 0 .14 _«
30® 1 5 .0 3.350 1,220 0 .677 1.33 %
30® 7.5
.
4.860 1 .1 52 0 .6 71 3.80 %
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TABLE 8.3 
THE SCATTER OF EXPERIMENTAL RESULTS
Gate
angle
Gate
opening
(IN)
Gate
thickness
(IN)
E 6  2
2
(Ccunit)
No. of 
reading 
Pt. (n)
>2(Ccunit)
0° 1 .0 23 0.4? 0.848xl0-3 14
h
0 .606x10 '
0° 3 .0 16 0 .4 7
_3
1 .326x10 29
A
0.457x10
0° 6 .0 16 0 A 7 Almost zero 11
15° 3 .0 0 0 0 A 7
- 6
3.735x10 60
-4
0 .623x10
30° 3 .0 16 0 A 7 l.l33x1 0 '3 4 0 0 .283x10"^
15° 3 .008 2 .0 0
_3
0 .080x10 28
A
0 .029x10
30° 3 .0 16 2 .0 0 0 .900x1 0 "3 32 0 .281x10"^
45° 3 .0 23 2 .00
_3
0 .083x10 20 0.042x10
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FIG. 8.1 COEFFICIENTS OF CONTRACTION FOR SHARP EDGED GATE FOR 
DIFFERENT GATE OPENING
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 1 7
.72
7 0
.68
Theoretical Values
------- Perry (6)
------------- Pajer(3)
------------- Fangmeier a  Strelkoff(7)
a Southwell a  Vaisey(4)
------------ Benjamin (5 )
-------------Larock(ll)
•  Momentum Principle & Finite Element Method 
o Energy Principle a  Finite Element Method
66
6 4
6 2
58
5 6
0.I 0.2 0.3
G/H
0.4 0.5 0.6
FIG. 8.2 THEORETICAL COEFFICIENTS OF CONTRACTION FOR SHARP 
EDGED GATE BY DIFFERENT METHODS
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 1 8
74
Theoretical Values
Momentum Principle And Finite Element Method 
Energy Principle And Finite Element Method 
Experimental Values
 For t*  0.47 inches and G=3.016 inches
72
70
38
32
30
58
0 0.1 0.2 0.3 0.4 05 0.6
G/H
FIG. 8.3 COMPARISON OF EXPERIMENTAL RESULTS WITH THEORETICAL 
RESULTS FOR SHARP EUGED GATE
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
.80
Theoretica I Values
Momentum Principle And Finite Element Method 
Energy Principle And Finite Element Method
Experimental Values 
— For t=0.47 inches, G = 3.0I6 inches
.78
.76
.74
.72
.( 0
>.68
>.64
0 0.1 0.2 0.3 0.4 0.5 0.6
G/H
FIG. 8.4 COMPARISON OF EXPERIMENTAL COEFFICIENTS OF CONTRACTION 
WITH THEORETICAL COEFFICIENTS OF CONTRACTION FOR 30° ■ 
ANGLE GATE
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
120
.78
Theoretical Values
- Momentum Principle And Finite Element Method
- Energy Principle And Finite Element Method
-  Larock (I I)
.76
.74
.72
70
.68
.66
.64.
0 0.I 0.2 0.3 0.4 0.5 0.6
G/H
FIG. 8.5 COMPARISON OF THEORETICAL COEFFICIENTS OF CONTRACTION 
FOR 30° ANGLE GATE
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
121
Theoretical Values
Momentum Principle And Finite Element Method
Energy Principle And Finite Element Method 
Experimental Values 
-  For t=0 .47 inches, G =3.0 inches
.70
.68
.66
.64
.62
.60
.58
0.60 0.2 0.4 0.5O.l 0.3
G/H
FIG. 8.6 COMPARISON OF EXPERIMENTAL RESULTS WITH THEORETICAL 
RESULTS FOR 15° ANGLE GATE
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3000
2800
2600
2400
2200
2000
1800
1600
1400
1200
1000
800
600
400
200
0 I
-4
FIG. 8
122
0 -2 -4 -6 -8 -|0
MoxX0-  Cp op  
Max.
-12 -14
,7 PERCENTAGE ERROR OF CD
with permission of the copyright owner. Further reproduction prohibited without permission.
1 2 3
CHAPTER 9 
CONCLUSION
The Laplace equation for gravity flow under a sluice 
gate has been written in terms of an unknown stream function 
and an unknown distribution of free surface coordinates.
The Laplace equation was solved by the finite element method 
through iterative, numerical steps to the desired degree of 
accuracy. The outflow free surface was approximated by an 
elliptical equation and the parameters A0 and BQ of the 
ellipse were found by either a contour map method or a finite 
difference method in the finite element programme.
The computed results for the vertical sharp crested gate 
compare satisfactorily with the results of other investigators 
except one result for 2A inches upstream head from the 
momentum method. This small difference was considered to be 
due to the inadequate number of elements chosen along the 
upstream inner gate face to calculate the force on the gate.
The computed results for 30° bevelled gate compare 
satisfactorily with Larock’s work in which he used a method 
of combining conformal mapping and a Riemann-Hilbert solution 
for an inclined planar gate of 3 0° angle.
Since viscosity and surface tension were omitted from 
the finite element analysis (e.g. the growth of a boundary
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layer on the flume "bottom downstream of the gate. The 
experimental values of Cc are generally larger than the 
theoretical values in the range of gate opening to total head 
ratios considered.
Each solution requires almost ten minutes of computer
time,
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THE FLOW CHART
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FLOW CHART FOR FINITE ELEMENT SOLUTION AND DOWNSTREAM 
FREE SURFACE CALCULATION
(START)
/DIMENSIONS AND READING STATEMENTS/
SET STREAM FUNCTION VALUES FOR ALL THE NODES)
STIFFNESS MATRIXI
[ASSEMBLE EQUATIONS 
[ A(IN,IT), W (IN)
| SOLVE FOR PS 11 IN 3I
CALCULATE £ 6* OF DOWNSTREAM SURFACE ELEMENTS
CALL SUBROUTINE CISA 
CALCULATE DOWNSTREAM TOTAL ENERGY HEAD
SET COORDINATES FOR DOWNSTREAM SURFACE 
______ BASED ON Ao,B o ,THETA____________
CALL SUBROUTINE ASA 
MAKE CORRECTION FOR UPSTREAM FREE SURFACE
CHANGE Ao,Bo, BY FINITE DIFFERENCE METHOD 
Aon+1=Aon+da’ Bon+1=Bon+db
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FLOW CHART FOR S T IF F N E S S  M A T R IX
(e n t e r )
xGI=3
If
|IR=I (IE) , JR=J(IE) , KR=K(IE~
I
B(IR)=I(JR)-Y(KR) 
C(IR)=X(KR)-X(JR) 
B(JR)=Y(KR)-Y(IR) 
C(JR)=X(IR)-X(KR) 
B( KR)=Y(IR)-Y(JR) 
C(KR)=X(JR)-X(IR)
I
ICALCULATE AREA(lEj
T
|M0=1I
Jl
IR=I(IE) 
IS=I(IE) 
IRT=1 
IST=1
BBPCC(IRT, 1ST,IE)=
(B(IR) B(IS)+C(IR) C(IS))/AREA(IE)
   .
|GO TO 101,102,103,104,103,106,nOj
(o[
IS=J(IE)
IST=2
BBPCC(1ST,IRT,IE)=
BBPCC(IRT,
( p
BBPCC(IST,IRT,IE)= 
BBPCC(IRT,1ST,IE)
IS=K(IE) 
IST = 5
ST,IE)
BBPCC(1ST,] 
BBPCC(IRT,]
:r t ,i e )=
1ST,IE)
IS=J(IE) 
IST=2 
IR=J(IE) 
IRT=2
IR=K(IE) 
IRT = 5
IS=K(lE) 
IST=3
1 2 9
|IE=IE+1|
IE-ME
ASSEMBLE EQUATION 
A(IN,IT), W (IN)
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FLOW CHART OF ASSEMBLE EQUATION 130
(e n t e r)
|WUN)=0.0, A(IN , IR)=0.0 
IH'^11
IR=J(IE)
INT=2
IRT=2
JR=K(IE)
KR=I(IE)
IR=I(IE; 
INT=i 
IRT=i 
JR=J(IE) 
KR=K(IE)
1N-I
TE-I-IE
[A(iN, IR; =Ay iN, i R;+BB-f OO (INT, iRT, lE
[go~ TO 141,14-2,14-
IE-ME
SOLVE EOI 
PSI(IN)
IRT-3 IR
IRT = 1
(IN J =W C IN ) -BBPCC (. INT
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FLOW  C H ART FOR S O L V IN G  P S I ( I N ) 131
(ENTER)
ITER=1
BO(IN)=OMEGA/A(I N ,IN) 
BIT=1.O-OMEGA
ITER=ITER+1
D1=0.0
IN=1
EX=0.0 
IT=1
W (IN)-0.0 IT-MAIT—IN
EX=BO(IN)xEX+BITxPSI(,IN)|
| (PSI(IN)—EX)-D1
(IN,IT)-0.
D1= PSI(IN)-EX|
|e x =e x -a (i n ,i t ) p s i cI t T
TT-MA
IN-MA,
CALCULATE
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, 132
FLOW CHART E O R r 6  CALCULATION
p6frjEiC ( MM ) =EriO-ELI (i-.E )
H 7
CALCULATE Yri(HH)
M=(2«N)-1, EM=2-J
EEI (i’ii-i) = V  iiH (i'ii'i) +1 i'l (  rii'i)
IR=I(MM), JR=J(KL), KR-K(MM)
CALL SUBROUTINE CISA 
CALCULATE EMO
CALCULATE V (HM), V (Ha),
CORRECT VELOCI 
VHHCM
CHANGE Ao, Bo 
Aon+-rAon+da’ aon+1=Bon+db
B(IR)=Y(JH)-Y(KR), C(IR)
B (JR)=Y(KRJ-Y(IR), C(JR)=X(IR)-X(KR) 
B(KR)=Y(IRj-Y(JR), C (KR)=X(JR)-X;IR)
R ) -X (. JR)
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PLOW CHART OF S U B R O U T IN E  ASA 133
R1
R2
/PRINT VUH/
(r e t u r n)
0.0
O.Q
'RT1 = R1 
RT2 = R2
-R1
-R2
VUH VU
R1
R2
2gQ
2g9.
_2gQ______ V_+2g_CC_
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134-
FLOW C H AR T OF S U B R O U T IN E  C IS A
(ENTER)
/PIMENSION STATEMENTS/
901
JX = 20 + ( N - 2 )
IR = I(JX) 
JR = J(JX) 
KR = K(JX)
CALCULATE V. VH
CALCULATE TOTAL POr ON THE GATE
CALCULATE PRESSURE HEAD PH 
PH=TOTAL HEAD - VH
CALCULATE DOWNSTREAM VELOCITY HEAD 
BY MOMENTUM PRINCIPLE
M: NO. OF ELEMENTS 
ALONG INNER GATE 
FACE
B(IR) = Y (JR)-Y(KR) 
C(IR) = X(KR)-X(JR) 
B( JR) = Y(KR)-Y(IR) 
C(JR) = X(IR)-X(KR) 
B(KR; = Y(IR;-Y(JR) 
C(KR) = X(JR)-X(IR)
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APPENDIX 2 
COMPUTER PROGRAMME
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1 3 5
D I MENS ION w, ( 133) < PS I (y3) iTA( 10) .Tj I 10)
D I MENS I ON 1 ( 133) » J ( 133 ) «K(13j ) <A( 1j j t1j j ) ij JPCC(3« J » 133)
0 I MENS ION l> ( 1 33 ) . C ( 1 33 ) , AREA < 133) . X ( 03 ) . Y ( 93 )
DIMENSION dO ( 93 ) » DA ( 1 0 ) . iOfJ ( 1 0 )
c s t i f n e s s  m a t r i x
READ 1 2 . MA . N-m . «r,zj » Nd .-'Id * PIT
11 FORMAT(6 X ♦6 I 4)
READ 12 i ( X ( 1 N ) iY( IN) i i N = 1 . M T )
12 FORMAT(4X.FS.3.4X.F3.3)
READ 1 3 . ( I ( I E ) . J ( 1 E ) . R ( I a ) i I E = 1 * ME )
13 FORMAT! 12* AX, 12 . 4X, I- )
READ 16 • T PS 1 i uPS3
lo FORMAT ( F3 • 1 »F3.d«Fc3»3»Fd. 1 )
Rz.AD 17 i -v3 i J i l PS 
17 FORMAT(6 X »F 5 •3 t6XiFii3 i4X»F5•1 »OX * r 6•4)
DO 9 1 L X = 1.8 
AN = AO.
3 N = 3 0
DO 1 IX=1 t iu
PRINT 18.A0.d0 
IS FOR M A T ( 1 i jrlAj = F5*3( 6Xi8ri j Jrl_ 8i 3 )
DUE=0.0 
DO 633 J3=1 * 9 
ii-! = J j + 43 
8JL = OUc + l « w
X C N -1 ) =AO- ( ( ~0/l 0 . D ) )
PP I =SQRT ( Add ( ( AO **2 ) - ( ( X ( AM ) -AO )#*2) ) )
Y C NM ) =G- ( ( 20A-PP I ) /AO )
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( 2* J3)-l 
XCM) = XtN.V)
Y ( M ) = 3 . 35* Y ( N M )
,MM = 2*J3 • -
X ( MM ) =X ( NM )
Y (M M )=0.35*Y(N M )
LM = 9 1-J3 
X (L M )=X C NM )
Y (L M )=0 . 0 
333 CONTINUE 
X (43)=AO 
Y (43)=G—50 
X ( 9 3 ) = XI 4 3)
X (92)= X (43)
X (91)= X (43)
Y (93)=0.85*Y(43)
Y C 92 ) =0 . »5*Y ( 43 )
Y ( 9 I ) = 0 . 0 
AX = AO
3 X = 3 0 
I Q = 3 
AN=AO 
C- = G — ljO
VE = SO P T (2.-*32.2*12.0*(2-CG))
Q=VE*CC
CALL ASA(Q,CC.V E .V U H )
PRINT 37.VUH 
57 FORMAT! 1 H - . 4n VUH =r 1 J . _> J
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VI = 5G9T ( A5S ( 32. 2* 1 2 .0*2.0*VUh ) ) 
Y (66)=YCoo)-VUH
Y C 65)=Y C 63)-VUH
DEC = (X (63)- X (64))/(X (63)- X (55))
Y ( 64 > = Y < >4 ) — ( DEC*VUH )
DO 9 N = 1»21 
M=(2*N)-1
PSI(M)=0.33*0 
9 CONTINUE
DO 10 LL=1i2l 
L=2*LL
P5I(L)=0.35*0 
l0 CONT INUE
DO 2 l IL=I»24 
:<;<= I L+4 2 
PS I ( !<I< ) =Q
2 1 CONTINUE
DO 22 I I = l .23 
:<L= I I +63 
PS I C !<L ) = 0 • 0
22 CONTINUE
PSI (93)= 0 • 6 c * 0 
PS I (67)=PSi (53)
PSI < 52)=0.35*0 
PS I (63)=PSI (52)
LLl = l
23 I 2 = l
24 I 9 = I ( IE)
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JR = J (IE)
:<R=:< ( IE )
3( IR)=Y <JR)-Y(KR)
C C IR)= X (K R )- X (J R )
3 C J R )= Y (K R )-Y ( IR)
C (J R )=X <IR)-X(KR)
3(KR)=Y ( IR)-Y( JR)
C(KR > =X < J R )- X ( IR)
ARET = X (J R )*< Y(KR)-Y( i R ) )-X(KR> *(Y < J R )- Y ( IR) )- 
1 X ( IR)*(Y(KR)- Y (J R ) )
AREA(IE)=AoS(ARET)
70 = 1
IR =I ( IE)
I S=I ( IE )
I R T = i 
I ST = 1
26 3JPCC ( I RT i I 3T « I E ) = ( 6 ( I R ) *e? ( I S ) + 0 ( I R } *C < IS) ) /AREA ( IE )
GO TO ( 1 0 1 i 1 -'2 i 1 03 i 1 0 4  , 105 » 106 ) * MO
101 IS=J(IE)
I ST = 2 
GO TO 27
27 MG=M0+1 
GO TO 2 6
1 02 33PCC ( I S T M R T *  10) =cEPCC ( IRT i I ST * I E )
I S = !< ( IE )
I ST = 3 
GO TO 27
1 03 33PCC( I ST i 1 WT , i E ) =llPv.C ( iRT 1 I ST * I E )
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1 3 9
I S = J(IE)
I ST = 2 
I.R = J < IE >
I RT = 2 
GO TO 27 
1 04 IS = K ( IE )
I ST = 3 
GO TO 27
1 OS 33PCC( I ST 1 IRT * IE)=uuPCC( IRT• I ST * I £)
IR=K(IE)
I R T = 3 
GO TO 27 
l06 I E= IE+l
IF ( IE-ViE) 24 * 24 * 28
28 CONTINUE
C ASSEMBLE EOU^TION
29 00 3 0 IN=1»M*
W ( I N ) = 0 • 0
00 30 IR=1,NA
30 A ( I N ♦ I R ) 10 • J
1 N = 1
31 I E=1
32 IF(I(IE)-IN) 33 »24,33 
3 3 IF(JCIE) — IN) 33 * 3 5 i05 
35 IFC<( IE)-IN) 37 » 3 3 i27
37 I£ = I 2+1
I F ( I ^  4 ) 2 j j iu50 i 1 4 o 
25o GO TO 32
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14-0
34 I R= I ( IE)
INT= 1 
I RT= 1
JR = J (IE) '
!<R = i< ( IE )
GO TO 39 
36 IR = J (IE)
I N T = 2 
I RT = 2 
JR = K C IE)
;<r = i ( ie )
GO TO 3 9
38 IR = K(IE)
INT = 3
I RT = 3 
JR=I ( IE )
KR = J ( IE )
39 MX = 1
140 A ( INi I R ) = A ( iNi IR) +i:.'tjPCu ( I NT , I RT i E  )
GO TO { 141 1 l 42* I 43) ,.4X 
l 4 l IR = JR 
l 5  ^ >1X = ,-1X+1
I RT=IRT + 1
IF( IRT— 3) 143,148,149
149 IR T =1
1 4  d I F ( I R — M A ) l 4 ~ , 1 4 0 , I 44
1 4 4  ,■) ( In) = < IN ) -cjPCC C I NT , I N T , I _ ) # P S  1(14)
GO TO (141,142,14j ),3X
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GO TO 150 
143 I F ( I E—ME ) 37,145* 145
145 IF(IN-MA) 146,147,147
146 IN=IN+1 
GO TO 31
147 COMTINUE
C SOLVE FOR PS I ( IN)
I TER = 1 
DO 50 IN=1 
50 3 0 (IN)= OMEGA/A( IN, IN)
3 IT=1 .0-ONEGA 
5 1 ITER =ITER+1
IF(ITER-IO-) 331,338,833 
833 PRINT 1 GOO, ITER 
1003 FORMAT( 1 H O ,5HITER=Ib)
GO TO 94 
33 1 CONTINUE 
D 1 = 0 , j 
IN= 1
52 EX = 0•3 
I T= 1
IF( V( IN ) — 0,3) 53,s 4 ,u2
53 — X-  'l (IN)
54 IF(IT— IN) 30,276,58 
276 I F ( I T-M A ) 26,00, 5-8
56 IT=IT+1
IF('\( IN, IT)-i-.v) 55,54,55
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1 4 2
55 EX=EX-A(IN,IT)*P5i(IT)
202 IF (IT —.VIA) 58,50,59
58 IT=IT+l
IFCA(IN,IT)-G.0) 54,202,54
59 EX=8Q(IN)*LX+3IT*P3I(IN)
IF(A35(PSI<IN)-EX)-Dl) 60,60,61
61 D1=A3S(PSI(1N1-EX)
60 PSI(IN)=EX
IF( IN —M A ) 62,63,63 
52 IN=IN+1 
GO TO 52
63 IFCD1-EP3) 64,64,51
64 PR I NT 65, ( PS I ( I IN ) , I N = 1 , f'ih )
65 FORMAT( 1 H O ,3HPSI ,6 F 10.3)
PRINT 1002,ITER
1002 FORMAT( 1H J,5HITER=I 5)
CALL CISAC 1 , J , l< , PS I ,LC»G»ARLA,l),G,X,Y»V1 , V )
EMO=( (V 2**2) + (32.2*l2 .0*2.0*CC) ) / ( 2 . 0 *32•2*12.0)
0 'c. T A L — L ivi O — D 
PRINT 14,DET/^E
14 FORM AT ( 1 HO , 6rtuET Ai_ = F 10.5)
EP = 0 • 0
DO 66 N c -,1n 
•1=(2*N)-1 
MM=2*N 
KM=N+42 
:<N=i<M+ 1
1 R = I (MR)
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KR = K ( MM )
3 ( IR)= Y (J R )-Y(KR)
C( IR)=X.(KR)-X( JR)
3(JR)= Y (<R)-Y(IR)
C(JR)=X(IR)-X(KR)
L3( KR )=Y( IR ) - Y ( JR )
C(KR)= X (J R )- X ( IR )
GRA JX= ( ( J ( I R ) I ( I R ) ) + ( J( J;<) *PS I ( JR) ) + <_>< KR ) * 
IPS I (KR) ) )/AREA(M M )
GRAD Y = ( ( : ( I R ) *P3 I ( I R ) ) + ( C ( JR ) *P3 I ( JR ) ) + ( C ( KR ) * 
IPS I (KR) ) )/m Rl-A(MM)
Vrl- ( ( GR A JX ’k-k'cL ) + ( GkmuY* * J ) ) / < 64 • A* 13*0)
XC=(X (IR)+ X (J R )+X (K R )) / J .
YC=(Y {IR)+Y(JR)+Y(KR)}/3.
CANT = ( Y (!<N ) -Y ( KM ) ) / (X(K,\)-X ( K M ) )
ELT= ( CANT*XC ) -YC+Y ( K;-l) -<Ca NT*X ( KM ) )
DSD = SORT ( AJ5 ( 1 . + ( CANT-fr-frZ ) ) )
DEl_T = ELT/J5J
XM=C X (K M )+ X (K N ) ) / dm
A Z = X M — A 0
CZ= (-30**2) *( AZ*-*2)
32= < A0**2 ) - ( <->Z 2 )
0Z = ( A0-**2 ) -*bZ 
EZ=1.+(CZ/JZ)
F Z = (SORT(Ad S(EZ)))**3 
AP = AO-"-3 0
3P =(SORT(AJS(oZ) ) )**J
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CP=AP/BP
THOU=FZ/CP
VHH=VH* (• ( 1 . + ( JELT/THCU ) ) **2 ) 
YM = ( Y ( KM ) +Y ( !<N ) ) /2 .
EE I=VHH+YM 
E = EMO 
EPC=E-EEI
5 5 = E P C * 2 
EP=EP+SS
66 COMTINUE
PRINT 600,EP 
60o FOP.MAK 1H0 ,jd2P = F£0.0 )
O A ( I X ) — O • O 6
06 ( I X ) = J « J^ 'b 
A0 = A0+0A (I X ;
60 = 30
Y(66)=Y(66 ) +VUH 
Y ( 65 ) =Y ( 65 ) +V!Jri 
Y (64)=Y(64)+( OEC*VUM)
1 CONTINUE 
TA(LX)= 0 • 05 
T6(LX)=0.006 
AO — m J-* ( lC.U^W.OE)
3 A = L3 0
AO = au
30=30+T6(LX)
91 CONTINUE 
94 CALL EXIT
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STOP
END
*
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C SUBROUT INE FOR CHANGE OF UPSTREAM SURFACE
SUBROUTINE ASA(Q »C C ♦V E «VUH)
0S=32.2*2.0*12.0*0
PS = ( V£-S"Sp2 ) + (-:2»2'i,'2* 0* 1 i! • )
RS= ( ( OS**2 ) / 4 • 0 ) — ( ( PS**3 ) /27 . 0 )
ROOT 1 -- — ^ OS/E • 0 ) + SGRT C MbS ( R u ) )
IF(ROOT 1—3.0) 1 . 1 *2
1 ROT1=AJS(ROOT 1 )
RO 1 = ROT 1 *-■* ( 1 . /J . )
RT1=-R01
GO TO 10
2 RT1 =R00T1-::-*( 1 ./3. )
10 R00T2=-(OS/2.G)-SORT(AOS(RS))
IF(ROOT 2 —3•^ ) 3.3*4
3 R0T2=A3S(ROOT2)
R 0 2 = R O T 2 * ( 1 . / 3 . )
RT2=-R02 
GO TO 11
4 RT2=ROOT2**(1«/3.)
11 VU = RT 1 + .RT2
VJn - ( V U 2 ) / ( O • 2 2 • o * 1 » 0 )
RETURN
END
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C SU3S0UT INE FOR KJ.-iEn TUK CALCULATION
SUL3ROUT I NE C I S A ( I * JtKiPol *CC»G’AR-AiD*G<X*Y » V 1 » V 2 ) 
DIMENS I ON i (63) tJC63) iK(62) tj (6j ) tC(a3)
DIMENSION PSI (63) » P H ( 1J)
DIMENS I ON YO ( 10) « X (63) » Y (63) ♦APSA(40)•
DO 931 IY=1.10 
JX=20+(IY*2)
IR=I (JX )
JR = J < JX ) 
i<R = :< < JX )
B (IR)= Y (JR >-Y(K R )
C(IR)=X(KR)-X(JR)
3 ( J R )= Y C K R )~ Y ( I R )
C (J R ) = X ( I R )- X (K R )
B(KR)= Y (IR)- Y (J R )
C(I<R) =X( JR)-X( IR)
GRADX =( (3< IR > *PSI( IR) >+(U(JR)*PSI (JR) )+<b (KR)*
IPS I (KR) ) )/AREA(JX)
GRADY = ( ( C( I A ) *PS I < I R ) ) + ( C ( JR ) *P3 I ( JR ) ) + ( C ( KR ) ■*
IPS I (KR) ) )/m S LA(J X )
Vrl=<(GRADX**2 )+(GK«uY**2))/(64.4*1J .0)
YD( IY ) = (Y ( :R )± Y (JR)+ Y (K R ) )/3.0 
PP=D—Y D (IY)
PO=PP—VH
PH ( I Y ) = ( 62 .4*P0 ) / ( i 2. )
90 1 CONTINUE 
su;-i=o .0 
JO 9-2 N=1 » 9
147
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M = n + i
3UM=SUM+ ( ( ( Pri ( N ) +PH ( Vs ) ) * ( YD C M ) - y o ( m ) ) )/2 . 0)
902 CONTINUE
TR I = < (PH( 1 )*(Y J ( 1 >-G) > + (P H ( 10)*(O —Y O ( 10) ) ) )/2. 0 
PG = TR I + SUM 
PRINT 9 0 3 iPo
903 FORMAT(lriJ»jHPG=FlQ.j)
V2 = ( ( 32 • I'-" 12. ^  ( ( Y ( 66 ) * *2 ) — ( CC *-■>!-2 ) ) ) — ( ( 2 • 0*Po*32 • 2* 
1/62•4) )/(2•  ^* Q )
V2=V2+V1 
PRINT 9 04iV2
904 FORMAT ( 1 HO » 3riV2 = F 10.3)
RETURN
END
14-8
12.0**4 ))
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